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Reverse osmosis (RO) is a membrane process that is widely adopted for water 
reclamation. However, during the RO process for water reclamation, typically only 
75% of the feed water is recovered. The remaining 25%, known as RO concentrate 
(ROC), is produced as a waste product. The ROC contains elevated concentration of 
organics and salts, and is often disposed via surface discharge. With up to 25% of water 
disposed, RO is not sustainable in the long run. High quality water can still be recovered 
from the ROC. Removal of organics from the ROC is the first step in water recovery 
from ROC. A key issue with organics removal is the recalcitrant nature of the organics, 
which renders biological treatment ineffective.   
 
With the aforementioned background, a pre-treatment is required to increase the 
biodegradability of the organics prior to biological process. In this thesis, the oxidation 
of organics through the use of UV+H2O2 and biodegradation of organics through the 
use of biological activated carbon (BAC) were explored. Three BAC reactors were set 
up to study the impact of empty bed contact time (EBCT) on the organic removal rate 
of ROC. A small pilot-scale UV+H2O2 system was implemented for studying the 
feasibility of organic removal by the Advanced Oxidation Process (AOP). Varying 
dosages of H2O2 were added during AOP to study the organics concentration and 
aromatics trend of the ROC. The impact of low pressure (LP) UVC, low pressure 
vacuum UV (VUV), and medium pressure (MP) UV lamp on the ROC were studied. 
Lastly, the BAC was fed with AOP-treated ROC to determine the organics removal of 
the combined system. 
 
BAC alone was found to be ineffective in the removal of organics. Although increasing 




were diminishing. The optimal EBCT of the BAC for treating ROC was found to be 20 
minutes. After treatment with BAC, the effluent had a lower hydrophobic carbon 
fraction and building block fraction, while the humic substance fraction increased. 
UVC was found to be ineffective in the treatment of ROC. VUV, on the other hand, 
was effective in the oxidation of aromatics and carbon double bonds of the organics. It 
was, however, ineffective in the mineralisation of organics. MP UV lamp yielded the 
best result, achieving 9% TOC removal and 30% UV254 removal with a contact time of 
2.5 minutes. Therefore, VUV was chosen for the AOP process due to its effectiveness. 
MP UV lamp was also chosen for its higher power output and smaller footprint. The 
combined usage of VUV and MP UV lamp during AOP had proven to be effective in 
the oxidation of organics in ROC. The hydroxyl radicals formed during AOP were 
effective in the oxidation of aromatics, reducing the UV254 significantly and increasing 
the biodegradability of the ROC. As a result, when the AOP treated ROC was fed into 
the BAC reactors, organics removal increased significantly. An increase in H2O2 
dosage during AOP brought about a higher organics removal in the combined system. 
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1.1 Reverse osmosis 
RO process is a technology that is widely used across the world for water recovery and 
reclamation. When pressure is applied, water is separated from the other dissolved 
solids across the RO membrane, with pore size less than 2 nanometres, via diffusion 
and size exclusion (Metcalf & Eddy Inc., 2003). In a RO process, 75% to 85% of the 
volume of the feed water is recovered, with the remaining 15 to 25% of the feed 
disposed as reverse osmosis concentrate (ROC) (Lee, et al., 2009). A typical RO system 
is shown in Figure 1-1. 
 
Figure 1-1. Schematics diagram of Reverse Osmosis. 
ROC is often disposed to receiving water (direct and indirect) and sewage or reused for 
irrigation (Squire, 2000). From mass balance, with a recovery ratio of 75%, the 
concentration of contaminants in ROC can be 4 times higher than that of the feed water. 
As such, proper handling and treatment of the ROC is required in order to meet the 
discharge standard.  
 
Due to its high rejection capability, the recovered RO permeate is of high quality 
enabling it for both potable and industrial usage. In Singapore, RO process is used for 
the generation of high quality water, known as NEWater, from domestic wastewater. 




reclamation solution. With proper treatment, high grade water can still be extracted 
from the ROC. Additional recovery from the ROC will reduce the volume of the ROC 
to be disposed and thus increase the overall recovery of the plant. In addition, treatment 
of the ROC will provide a solution for safe disposal of the ROC (Lee, et al., 2009). 
Treatment of ROC technologies ranges from conventional industrial-scale means such 
as evaporation ponds, evaporation and crystallisation systems, two-stage RO system, 
and electrodialysis to novel pilot-scale means such as membrane distillation, forward 
osmosis, and WAIV technology (Morillo, et al., 2014). However, these technologies 
either take up too much land space or are energy intensive. As such, this study aims to 
seek alternative means for the treatment of ROC organic contaminants. 
 
1.2 Advanced oxidation process (AOP) 
AOPs involve the use of chemical oxidants to generate hydroxyl radicals for the 
oxidisation of complex refractory organic compounds into simpler compounds. AOPs 
are not susceptible to the toxic compounds found in wastewater. Therefore, AOPs are 
able to completely oxidise organic compounds into CO2 or achieve partial oxidation to 
reduce the toxicity of certain organic compounds and increase their biodegradability, 
allowing the treated compounds to be subjected to downstream biological treatment. 
The extent of oxidation can be characterised into 4 main degradations (Rice, 1996) as 
follows, 
 
1. Primary degradation – Structural change to the parent compound. 
2. Acceptable degradation (defusing) – Structural change to the parent compound 
such that toxicity is reduced. 
3. Ultimate degradation (mineralisation) – Oxidation of organic carbon in parent 




4. Unacceptable degradation (fusing) – Structural change to the parent compound 
such that toxicity is increased. 
 
Due to the generation of hydroxyl radical, AOPs are more effective than conventional 
individual chemical oxidisation such as ozone or hydrogen peroxide. However, due to 
the cost of the oxidant used in AOP, AOPs are used mainly in low COD wastewater. 
In addition, AOP is widely used to degrade refractory compound for biological 
treatment downstream, rather than the complete oxidation of the organic compound in 
wastewater. Unlike other advance treatment processes such as membrane processes or 
ion exchange, AOP degrades the wastewater compound instead of concentrating them. 
This reduces the need for materials regeneration or disposal. Commercial-scale AOP 
technologies includes O3+H2O2, O3+UV, UV+H2O2 and Fenton+H2O2 (I. Oller, 2011).  
 
Humic substances are strong absorbers of UV radiation, breaking down upon exposure 
to UV radiation (Metcalf & Eddy Inc., 2003). This makes UV+H2O2 ideal for the 
treatment of ROC, breaking down the refractory organics compound in ROC and 
increasing the biodegradability of ROC. 
 
1.3 Biological activated carbon 
Activated carbon is an absorbent commonly used for the removal of refractory and 
toxic organic compound, odor, and taste improvement. Due to its high cost, activated 
carbon processes are used as final polishing step for drinking water treatment or pre-
treatment prior to biological processes. Once exhausted, activated carbon can be 
regenerated to recover the adsorptive capacity. Spent activated carbon is commonly 




from the surface of the adsorbent. During the regeneration process, up to 4-8% of the 
activated carbon is lost (Metcalf & Eddy Inc., 2003).  
 
BAC, unlike activated carbon, uses microorganisms to decompose adsorbed organics. 
It is commonly employed in drinking water treatment, removing naturally occurring 
compounds such as ammonia and reducing the chlorine demand of drinking water 
treatment (Dussert & Stone, 2000). In a BAC process, refractory organic compounds 
are simultaneously adsorbed onto the activated carbon and decomposed by the 
microorganisms attached to the activated carbon. As such, BAC process does not 
require frequent regeneration, making the process to have a lower energy footprint and 
operating cost than that of activated carbon (Walker & Weatherley, 1999). The 
simultaneously adsorption and decomposition of refractory organic compounds also 
makes BAC ideal for organics removal in the ROC (Lee, et al., 2009). 
 
1.4 Scope 
Organics present in ROC will pose potential environmental issues when disposed, and 
fouling issue to RO membrane when ROC undergoes a second round of RO for further 
water recovery. As the organics present in ROC are highly refractory, conventional 
biological treatment system will not be able to treat ROC. BAC, however, has shown 
its effectiveness in the removal of refractory compound found in wastewater (Walker 
& Weatherley, 1999; Ng, et al., 2008; Lee, et al., 2009). In this study, BAC is used as 
the biological treatment for the removal of organics present in ROC. 
 
However, the use of BAC with EBCT of 40 minutes was only able to achieve 20% 
TOC removal of ROC (Ng, et al., 2008). This is because the organics in ROC are highly 




process of municipal wastewater treatment. Pre-treatment of the ROC is required to 
increase the biodegradability of the organics present. As such, AOP is required as a 
pre-treatment of the ROC. In this study, UV+H2O2 is used for the partial oxidation of 
ROC, increasing its biodegradability prior to the downstream biological process 
(BAC). 
 
As such, this study aims to study the organics (humic substance) removal of ROC 
through the combined use of UV+H2O2 and BAC.  
 
1.5 Objectives 
To study the removal of organics in ROC using UV+H2O2 and BAC, the study was 
conducted in 4 phases. The objectives of each phase are as follow, 
Phase 1: Impact of EBCT of BAC on fresh ROC 
 To investigate the organic removal performance of BAC reactors using the ROC 
from a local wastewater reclamation plant (WRP); 
 To establish the baseline performance for the other phases; 
 To study the impact of EBCT on the organics removal of ROC; and 
 To determine the optimal EBCT for the treatment of ROC. 
 
Phase 2: Organics removal of ROC using Ultraviolet Oxidation Process 
 To investigate the performance of individual UV lamp of the Enviolet system in 
oxidising humic substance; and 
 To compare the treatment efficiency of low pressure UV lamp against medium 




Phase 3: Impact of H2O2 dosage during AOP 
 To investigate the performance of UV+H2O2 on the biodegradability of ROC; and 
 To investigate the effect of H2O2 dosage in AOP on the biodegradability of ROC. 
 
Phase 4: Feasibility of UV+H2O2+BAC on organics removal of ROC 
 To investigate the treatment efficiency of AOP/BAC system on ROC; and 
 To investigate the removal efficiency of BAC using 40 minutes EBCT and the 







2 LITERATURE REVIEW 
2.1 Reverse osmosis 
2.1.1 Introduction 
Reverse osmosis is a commonly used technology in water reclamation. Its high ion 
rejection capability makes it ideal for high quality water recovery and desalination. 
Furthermore, since RO does not require heating of seawater for water production, it 
uses lesser energy than conventional desalination methods. The energy equivalent of 
RO process for seawater desalination is approximately 3 – 5.5 kWh per m3 of water 
produced; significantly lesser than that of multi-stage flash and mechanical vapour 
compressions, which consume 13.5 – 25.5 kWh/m3 and 7 – 12 kWh/m3 respectively 
(Cooley, et al., 2006).  
 
In Singapore, the RO process is used for water recovery from treated domestic waste 
water, as known as NEWater. The use of RO for water recovery of treated domestic 
waste water produces a high-grade reclaimed water that surpasses the World Health 
Organisation drinking water guidelines. NEWater is primarily supplied to industrial 
application that requires ultrapure water in their operations (PUB, 2010). Table 2-1 
summarises some of the key water quality parameters of the NEWater, PUB potable 






Table 2-1. Water Quality of NEWater (PUB, 2010), WHO drinking water guidelines and PUB 
drinking water quality (PUB, 2014). 
Water quality 
Parameter 
NEWater WHO  





Turbidity <5 5 0.18 
Conductivity <250 - 215 
Total Dissolved 
Solids 
<150 500 141 
Total organic 
Carbon 
<0.5 - - 
Nitrate <15 10 <0.01 
Escherichia coli <1 <1 <1 
 
As such, with lower energy cost and high water quality of permeate, RO process has 
been increasingly being adopted for seawater desalination and water reclamation all 
over the world. 
 
2.1.2 Properties and mechanisms 
Reverse osmosis, similar to that of microfiltration (MF), ultrafiltration (UF), and nano-
filtration (NF), is a membrane filtration process. However, unlike that of microfiltration 
and ultrafiltration, the pore size of the RO membrane is less than 0.001 micron, terming 
the membrane as dense membrane (Metcalf & Eddy Inc., 2003).  
 
The separation mechanism of a RO process differs from that of the MF and UF. In the 
MF and UF processes, removal mechanisms involve straining and sieving. Smaller 
particles are able to cross the membrane’s pore while large particles are retained in the 
feed solution. The RO process, however, involves diffusion and exclusion. The water 




membrane. Charged ionic particles, however, are able to be transported across the 
membrane via diffusion through the pores of the macromolecules of the membrane 
(Metcalf & Eddy Inc., 2003). 
 
The driving force of RO membrane involves the application of high operating pressure. 
As seen from Figure 2-1, in a normal osmosis process, water moves from a region of 
low osmotic pressure to a region of high osmotic pressure. In a RO process, the energy 
exerted by the high operating pressure overcomes the difference in osmotic pressure, 
allowing water to move from a region of high osmotic pressure to a region of low 
osmotic pressure. Typical operating pressure of a RO process is between 800 – 1200 










Table 2-2. General characteristic of membrane processes. 
Membrane 
process 


































<0.001 800 – 1200 
 
2.1.3 Reverse osmosis concentrate 
RO process operates in a cross-flow configuration (Figure 1-1) to prevent build-up of 
contaminants in the system. In a RO process, up to 75% of the feed water volume can 
be recovered, with the remaining 25% of the feed volume disposed as ROC. Using 
mass balance, as seen from equation 2.2, ROC will have up to 4 times constituent 
concentrations of those the feed water. The mass balance calculation is shown below. 
 
 𝑄𝑖𝑛𝐶𝑖𝑛 = 𝑄𝑃𝐶𝑃 + 𝑄𝐶𝐶𝐶                                       (2.1) 
Where, 
Qin and Cin are the volume of feed water and concentration of contaminant in feed water, 
respectively. 
QP and CP are the volume of RO permeate and concentration of contaminant in RO 
permeate, respectively. 





Assuming CP = 0; Qin = 4QC, 
𝐶𝐶 = 4𝐶𝑖𝑛                                                            (2.2) 
As seen from equation 2.2, with constituent concentrations in the ROC as high as 4 
times of RO feed water, there is a need for treatment prior to disposal. In addition, with 
proper treatment, additional high quality water can still be recovered from ROC, 
increasing the sustainability of RO process.  
 
ROC from water reclamation plants consist of high concentration of organics. The TOC 
content of ROC from the Luggage Point WRP and Bundamba WRP were 42 ± 4 mg/L 
and 62 ± 5 mg/L respectively, indicating a high amount of organics. From Figure 2-2, 
EEM test revealed that the organics present in ROC were mainly humic acid and fulvic 
acid (Bagastyo, et al., 2011).  
 
 






Therefore if high quality water were to be extracted from ROC through the use of a 
secondary RO system, treatment will require organics removal to prevent and reduce 
organic fouling of the RO membrane.  
 
2.1.4 Humic substance 
As mentioned in Section 2.1.3, the organics present in the ROC were mainly humic 
substances. A product of microbial decomposition of organic matters, humic 
substances can be found in abundance in water, soil, and sediment. Humic substance 
plays an important role in the sustaining of life - from promoting plant growth to the 
fate of environmental pollutants. As humic substances are the product of microbial 
breakdown of organic matters, they are more stable and resilient to further breakdown. 
(Sutzkover-Gutman, et al., 2010). 
 
Piccolo (2001) theorised that humic substances exist as self-assembling supramolecular 
structures. Humic substances are supramolecular structures of small, heterogeneous, 
and undefined number of organic molecules held together by hydrophobic interactions 
(such as van der Waals and π-π bonding) and hydrogen bonds. As a result, humic 
substances will have varying molecular structure, weight, and composition, as well as 
different number of functional group. As such, humic substances extracted from 
different sources will behave differently when exposed to the same condition. 
 
In general, humic substances can be classified in to three distinct categories according 






 Fulvic Acid – Fulvic acid are soluble in water with average molecular weight less  
than 2000 Da. 
 Humic Acid – Humic acid are insoluble in acidic condition and soluble at pH >2  
with average molecular weight between 2000 and 7000 Da. 
 Humins – Humins are insoluble and consist mainly of bitumen. 
 
2.2 Advanced oxidation process 
Humic substances are stable compounds and highly refractory. Pre-treatment is 
required to increase its biodegradability prior to breakdown by biological processes. 
AOP is a technique commonly used to breakdown persistent, refractory organic 
constituents found in water sources. The crux of AOP is the generation of hydroxyl 
free radicals to oxidise the complex compound into simpler biodegradable product 
(Metcalf & Eddy Inc., 2003). At 25oC, the hydroxyl radical has a redox potential of 
2.80 V, higher than the conventional oxidation processes (Benjamin, 2002). Table 2-3 
shows the redox potential of hydroxyl radical as compared to ozone, hydrogen 
peroxide, chlorine and potassium permanganate. 
 
Table 2-3. Redox potential of various species (Metcalf & Eddy Inc., 2003; Benjamin, 2002). 
SPECIES REDOX POTENTIAL (V), 25OC 
Hydroxyl radical, •OH +2.80 
Ozone, O3 +2.07 
Hydrogen peroxide, H2O2 +1.78 
Chlorine gas, Cl2 +1.36 





With a higher redox potential, the rate constant of hydroxyl radical is higher than that 
of ozone. Hydroxyl radical is able to achieve rate constant of more than 109 times of 
ozone on biological recalcitrant compounds (Andreozzi, et al., 1999). As such, AOP 
was chosen over conventional oxidation processes for the breakdown of humic 
substances in ROC. 
 
Hydroxyl radicals can be produced through different AOP techniques. The techniques 
can be classified into two categories: light-based processes and dark processes. Table 
2-4 summarises some of the AOP techniques available (Metcalf & Eddy Inc., 2003). 
 
Table 2-4. AOP techniques. 
Light based processes Dark (non-UV) processes 
UV + O3 + H2O2 O3 + H2O2 
UV + H2O2 + Fenton’s reagent H2O2 + Fenton’s reagent 
UV + O3 O3 + TiO2 + H2O2 
UV + H2O2 O3 + TiO2 
UV + TiO2 Ferrate reaction 
 Wet air oxidation 
 Hydrothermal hydrolysis 
 Supercritical water oxidation 
 
Of all the processes listed in Table 2-4, only O3+H2O2, UV+H2O2, UV+O3+H2O2, UV+ 
O3, and H2O2+Fenton’s reagent are being used at commercial scale. The other 
technologies are either too expensive or are still in lab scale studies (I. Oller, 2011). In 








As mentioned in Section 2.2, ozone is a powerful oxidant, with a redox potential of 
2.07V. Ozone is a chemical oxidation technique that is often deployed in the industry 
for COD reduction, and to improve organics biodegradability. The process is widely 
used for the treatment of landfill leachates and secondary effluent, oxidising the 
recalcitrant organics and increasing their biodegradability (Zouboulis, et al., 2007). The 
increased in biodegradability allowed biological treatment downstream, increasing the 
organics removal rate at a lower cost. This increased the overall cost efficiency of ozone 
system (Li, et al., 2006). 
 
According to the Criegee mechanism, ozone is able to split unsaturated double bonds 
via ozonolysis. Double bonds are commonly found in recalcitrant organic compounds. 
The splitting and reduction in double bonds and aromatic rings result in an increase in 
biodegradability of the organic compound (Zouboulis, et al., 2007).  
 
Ozone had also been shown to be efficient in treatment of organic pollutant in ROC. 
Lee et al (2009) had demonstrated that with a contact time of 10 minutes and ozone 
dosage of 3.0 mg/L, while TOC concentration decreased by 5%, the BOD5 increased 
from < 2 mg/L to 4.3 mg/L. Further increasing the ozone dosage to 10 mg/L increased 
the TOC removal to 17%. BOD value, however, increased from 4.3 mg/L to 5.4 mg/L, 
indicating that mineralisation had occurred. This signified that treatment of ROC with 
ozone at low dosage was able to increase the biodegradability of the ROC while at 




2.2.2 Ultraviolet / H2O2  
UV rays falls in the electro-magnetic spectrum with wavelength between 10 nm and 
400 nm. When exposed to UV radiation, the dissolved H2O2 will undergo photolysis to 
form hydroxyl radical. The reaction is shown in the equation 2.3 below. 
𝐻2𝑂2
𝑈𝑉
→  2 • 𝑂𝐻                                                  (2.3) 
The rate of H2O2 dissociation differs with different wavelength of UV used. Increasing 
the UV wavelength from 200 nm to 280 nm decreases the extinction co-efficient of 
H2O2.  
 
UV lamps can be classified into two types, low pressure (LP) UV lamp and medium 
pressure (MP) UV lamp. LP UV lamp emits UV light at a single wavelength, 
converting approximately 30% of the electrical energy into UV light. LP UV lamp also 
has a long lifespan of more than 10,000 hours. MP UV lamp, however, emits UV light 
over a spectrum of wavelength, converting approximately 10% to 20% of the electrical 
energy into UV light. The lifespan of MP UV lamp is approximately 4000 hours, less 
than half of that of the LP UV lamp. The difference between the MP UV lamp and LP 
UV lamp is summarised in Table 2-5. 
 
Table 2-5. Difference between LP and MP UV lamp (KWR Watercycle Research Institute, 
2011). 
 Low Pressure UV lamp Medium Pressure UV lamp 
Efficiency 30% 10% – 20% 
Power < 1kW Up to 30kW 
Lifespan 10000 hours 4000 hours 





From Table 2-5, due to the low power output of the LP UV lamp, using LP UV lamp 
for AOP will require a longer contact time and a larger footprint. The MP UV lamp, on 
the other hand, is less efficient and short lifespan than that of the LP UV lamp. As such, 
the combine use of LP UV lamp and MP UV lamp is proposed for the AOP treatment 
of ROC in this project. The combination of UV lamps will enable the AOP to be more 
efficient, require shorter contact time, and have smaller footprint. 
 
2.2.3 Effect of UV-based AOP on ROC 
UV-based AOPs have shown potential in the treatment of ROC. The hydroxyl radicals 
generated during AOP are able to breakdown and remove the organics found in the 
ROC. UV irradiance alone is able to reduce TOC content of humic substances. 
Exposure of humic substances to 30 hours and 71 hours of UV irradiation (254nm) 
reduced TOC content of humic substances by 50% and 75%, respectively. Twelve 
hours of UV exposure resulted in a decrease in the molecular weight of fulvic acid, and 
an increase in the homogeneity of the sample. UV254 absorbance of fulvic acid and 
humic acid had shown to decrease by 95% upon exposure to 12 hours and 58 hours of 
UV exposure, respectively. This indicated that humic acid has a higher UV resistance 
as compared to fulvic acid (Allard, et al., 1994). 
 
A recent study by Dialynas (2008) had shown that UV+TiO2 was more effective in 
treating ROC than that of electrolytic oxidation and sonolysis. A UV exposure time of 
10 minutes with 0.5 g/L of TiO2 catalyst was able to reduce TOC concentration by 
41%, as compared to 30% removal after 30 minutes of electrolytic oxidation (17.8 A) 
and a 20% degradation by 10 minutes of sonolysis at 135 W. The energy consumption 
of UV+TiO2 was the least as compared to electrolytic oxidation and sonolysis. The 




 Photocatalysis: 9.3 kJ/mg DOC 
 Electrolytic oxidation: 16.7 kJ/mg DOC 
 Sonolysis: 810 kJ/mg DOC 
 
However, increasing the TiO2 catalyst from 0.5 mg/L to 1 mg/L only increased TOC 
removal percentage by 8%. In addition, increasing the contact time beyond 10 minutes 
did not bring about an increase in TOC removal, indicating that photocatalysis of ROC 
using UV+TiO2 was only able to achieve a maximum of 49% TOC removal (Dialynas, 
et al., 2008). 
 
2.2.3.1 Difference between VUV+H2O2 and UVC+H2O2 AOP process 
UVC lamps had been used extensively in UV+H2O2 AOP, while Vacuum UV (VUV) 
lamp is an emerging UV technology. There is an increasing emphasis on VUV as it is 
more effective and energy efficient than that of UVC. In addition, research on VUV 
has increased significantly in recent years. VUV is within the UV spectrum, with 
wavelength less than 190 nm. While UVC is only able to breakdown H2O2, VUV is 
able to break down both H2O2 and H2O to generate hydroxyl radicals (I. Oller, 2011). 
The process of hydroxyl radical formation from H2O is as followed, 
𝐻2𝑂 
ℎ𝑣 (185𝑛𝑚)
→         𝑂𝐻 • +𝐻                                           (2.4) 
 
In addition, VUV is quickly absorbed by oxygen molecules. This enabled VUV to 
dissociate the dissolved oxygen molecule, forming an excited state oxygen atom and a 
ground state oxygen atom. The excited state oxygen atom reacts with H2O, forming a 




molecules, forming ozone gas. The process of ozone formation is as follows (Eliasson 
& Kogelschatz, 1990): 
𝑂2
𝑉𝑈𝑉 (<190𝑛𝑚)
→           𝑂 + 𝑂(𝑒𝑥𝑐𝑖𝑡𝑒𝑑)                                   (2.5) 
𝑂 + 𝑂2 + 𝑂2 → 𝑂3 + 𝑂2                                           (2.6) 
 
As mentioned in Section 2.2, ozone is a strong oxidizing agent, able to react with water 
and H2O2 to form hydroxyl radical. Ozone itself is able to breakdown the organics in 
ROC. The ability to form ozone and breakdown H2O and H2O2 allowed VUV to have 
multiple approaches in hydroxyl radical formation. As such, VUV is often selected 
over UVC as they are more energy efficient and has a higher kinetic rate (Huang, et al., 
2011).   
 
Liu et al (2011) had also showed that VUV+H2O2 was more effective than UVC+H2O2 
for the treatment of municipal ROC. VUV+2 mM H2O2 was able to achieve 50% COD 
removal with 30 minutes of contact time. With 3 hours of UV 185 nm exposure, 
VUV+2 mM H2O2 process increased the percentage BDOC of ROC from 10.7% (2.3 
mg/L) to 31.8% (2.1 mg/L). UVC+2 mM H2O2 was only able to achieve 25% COD 
removal with 30 minutes of contact time. With 3 hours of UV 254 nm exposure, 
UVC+2 mM H2O2 process increased the percentage BDOC of ROC from 10.7% (2.3 
mg/L) to 30.8% (2.5 mg/L), lower than that of VUV+2 mM H2O2 (Liu, et al., 2011).  
In addition, Liu et al (2011) had also demonstrated the effectiveness of using VUV as 
compared to UVC using EEM. With all other parameters kept constant, VUV gave a 
greater reduction of fluorescence of the ROC as compared to the UVC. The addition of 
H2O2 greatly increased the rate degradation of the compounds, with complete removal 




2.2.3.2 H2O2 dosage  
H2O2 dosage had shown to have an effect on the AOP treated ROC. Increasing the 
dosage of H2O2 increases the kinetic rate of hydroxyl radical production. This increased 
the rate of mineralisation of organics in the ROC, resulting in lower DOC in the AOP-
treated ROC. Table 2-6 summarises the resulting DOC of the AOP treated ROC, with 
3 hours of UVC exposure. 
 
Table 2-6. BDOC, Residual DOC, and Total DOC of AOP(UVC) treated ROC with varying 










1  3.7 12.8 16.5 - 
2  3.4 8.3 11.7 4.8 
3  2.5 5.6 8.1 3.6 
4  1.6 4.7 6.3 1.8 
6  0 3.6 3.6 2.7 
 
However, increasing the H2O2 dosage might result in savaging effect. At elevated 
concentration of H2O2, hydroxyl radicals produced during AOP will react with the 
H2O2, forming hydroperoxyl radical as shown below:  
𝐻2𝑂2 + 𝑂𝐻 • → 𝐻𝑂2 •  + 𝐻2𝑂                                   (2.7) 
 
The formation of each hydroperoxyl radical reduce the number of hydroxyl radical by 
3, as the formation of each hydroperoxyl radical consumes one hydroxyl radical and 




radicals are much less effective than hydroxyl radicals. This makes over dosage of H2O2 
ineffective, resulting in diminishing return with increase dosage of H2O2 (Legrini, et 
al., 1993).  
 
The diminishing effect of increased H2O2 dosage can be observed from the findings by 
Liu (2011). As seen from Table 2-6, increasing the H2O2 dosage from 1 mM to 2 mM 
increased DOC removal by 4.8 mg/L, while increasing H2O2 dosage from 2 mM to 3 
mM increased DOC removal by 3.6 mg/L, lower than that of 1 mM to 2 mM of H2O2. 
Further increase of H2O2 dosage yielded lower returns. In addition, insufficient research 
had been done for the AOP treatment of ROC using VUV lamps. More research is 






2.3 Activated Carbon 
Activated carbon is primarily used for the adsorption of refractory organic compounds 
and the removal of inorganic compounds such as sulphides and heavy metals. It is also 
often used for taste improvement and odour removal. When the activated carbon is 
exhausted, it can be regenerated through high heat and combustion, combusting the 
adsorbed organics. As such, activated carbon is commonly used as a polishing step to 
improve water quality for drinking or meeting discharge standards (Metcalf & Eddy 
Inc., 2003). 
 
During the production of activated carbon, the carbon was exposed to oxidising gases 
at elevated temperature of 800 oC. This process created a porous structure within the 
carbon, resulting in a large internal surface area as shown in Figure 2-3. The internal 
surface area of an activated carbon can be as high as 104 m2/g. The increase in internal 
surface area increased its absorption capability. In general, pore size can be defined 
into three main categories, namely, 
 Macropore - more than 25 nm 
 Mesopore - between 1 nm to 25 nm 
 Micropore - less than 1 nm 
 





Activated carbon is differentiated into two main types, Powdered Activated Carbon 
(PAC) and Granular Activated Carbon (GAC). GAC can be used in a fixed bed 
configuration or expanded bed configuration. In a fixed bed configuration, activated 
carbon is packed in a column. Influent is introduced into the system either from the top 
or bottom. Down-flow design is usually preferred as both adsorption of organics and 
removal of suspended solid via filtration can be achieved. Similar to that of sand 
filtration, backwash can be initiated to remove the accumulated suspended solids when 
build-up of head loss is too high. In an expanded bed configuration, influent is 
introduced from the bottom, with sufficient head to allow the activated carbon to 
expand. This removes the issues of headloss build-up faced by the fixed bed 
configuration. Expanded bed configuration, however, is unable to remove suspended 
solids. Exhausted activated carbon can be removed from the bottom of the reactor and 
fresh/regenerated activated carbon can be filled from the top (Metcalf & Eddy Inc., 
2003). 
 
2.3.1 Adsorption and regeneration 
Small organic particles are removed from the activated carbon column via adsorption. 
Adsorption is a process where substances were removed from a solution and 
accumulated onto a suitable interface. It is a mass transfer where the substance was 
transferred from a liquid phase to a solid phase. In an activated carbon absorption 
process, the organics (absorbate) is removed from the solution and adsorbed onto the 
pores of the activated carbon (absorbent) (Metcalf & Eddy Inc., 2003).  
 
When the absorbate approaches the GAC, it moves from the solution and diffused 




then enters the pores of the activated carbon and moves within the pore via a process 
known as pore diffusion or along the surface of the pore via surface diffusion. Once the 
absorbate reaches the micropore, it will be attached onto the adsorption site. The forces 
of attraction between the absorbate and the adsorbent are primarily the hydrogen bonds 
and van der waals forces (Rattier, Reungoat, Gernjak, & Keller, 2012). As the total 
surface area of the micropores are significantly larger than that of mesopores and 
macropores, adsorption process usually occurs in the micropores.  
 
When the activated carbon is exhausted, it can be reactivated by a regeneration process. 
Regeneration can be done via various methods. The methods include, 
 Chemical oxidation; 
 Steam; 
 Solvent; and 
 Biological processes. 
In a typical regeneration processes, depending on the nature of the absorbate and the 
method used, approximately 4-10% of the adsorption capacity is lost (Metcalf & Eddy 
Inc., 2003). Therefore, replacement carbon may be required to meet the effluent 
standard. 
 
2.3.2 Biological activated carbon 
GAC is used over PAC for the BAC process. Due to the powder form of PAC, it was 
not used for the development of biofilm onto the activated carbon. BAC involves the 
growth of bacterial biofilm onto the GAC. The BAC process utilises the adsorptive 
capability of GAC and biodegradation of the organics by the bacteria biofilm. The 
biofilm formed on the BAC allows continuous DOC removal via metabolic processes, 




rate of biodegradation of DOC from adsorption site is lower than rate of adsorption of 
DOC, the effluent DOC of a BAC column is often lower than of a GAC column. 
However, as there is continuous regeneration of the adsorption sites, the effective life 
of a BAC column can last for more than 10 years, while the effective life of a GAC 
column is approximately 3 months (Rattier, et al., 2012).  
 
DOC can be separated into 4 main fractions. The 4 main fractions are as follows 
(Zhang, et al., 2010): 
 Adsorbable and non-biodegradable; 
 Adsorbable and biodegradable; 
 Non-adsorbable and non-biodegradable; and 
 Non-adsorbable and biodegradable 
 
A study by Zhang et al (2010) had shown over a period of 5 months, while the removal 
of adsorbable and non-biodegradable fraction of DOC decreased from 42% to 3%, the 
removal of non-adsorbable and biodegradable fraction of DOC increased from 4% to 
46%. The reduction in removal percentage of adsorbable and non-biodegradable 
fraction of DOC can be attributed to the reduced in adsorption capacity of the GAC. 
The increased in removal of non-adsorbable and biodegradable fraction of DOC is 
theorised to be adsorbed by the extrapolymer substance (EPS). Bacteria attached to the 
activated carbon produced EPS such as polysaccharides and proteins, which adsorbed 
the non-adsorbable and biodegradable fraction of the DOC. The DOC was then 
subsequently removed via biodegradation by the bacteria, giving rise to the increase in 





2.3.2.1 BAC performance 
BAC had been extensively researched in the treatment of organic contaminants. 
Researches on BAC had shown that removal percentage of organic contaminant using 
BAC could range from <1% to 98%. Up to 98% removal was attained for Atenolol, 
Fluoxetine and Triclosan, while removal of Atrazine and Bisphenol were negligible 
(Rattier, Reungoat, Gernjak, & Keller, 2012). BAC was also effective in the treatment 
of industrial dye waste-water. With an EBCT of 8 hours, BAC was able to achieve 40% 
and 35% removal of tectilon red and tectilon blue, respectively. Activated sludge 
process was only able to remove up to 10% and <5% for tectilon red and tectilon blue, 
respectively (Walker & Weatherley, 1999). BAC, however, was ineffective in the 
treatment of secondary effluent. With an EBCT of 15 minutes, DOC removal was in 
the range of 12% to 17%. Coupled with ozone as a pre-treatment, DOC removal was 
increased to 40%. 
 
There was some research done on the treatment of municipal ROC using BAC.  The 
results, however, had vast differences. With an EBCT of 60 minutes, Lee et al (2009) 
was able to attain 23.4% removal, while Lu et al (2013) achieved 39% TOC removal. 
Another study by Ng et al (2008), with an EBCT of 40 minutes, was only able to attain 
25% DOC removal. Theoretically, an increase in EBCT should increase the DOC 
removal due to high contact and reaction time. However, comparing the two studies, 
there were no clear indication of the relationship between EBCT and DOC removal in 
ROC. 
 
2.3.2.2 Mechanism and processes 
The main processes of DOC removal within the BAC column occurs in three stages. 
DOC removal in Stage 1 mainly involves mainly through adsorption onto the GAC. 




period. (Zhang, et al., 2010). In Stage 2, the rate of adsorption decreases as the amount 
of available adsorption sites decreases. As the bacteria had passed the acclimation 
period, the rate of biological degradation of DOC increased significantly. Thus in Stage 
2, DOC is removed from the water source via adsorption and biodegradation 
concurrently (Rattier, et al., 2012).  
 
In Stage 3, as the adsorption capacity of the GAC had been exhausted, biological 
degradation accounts for most of the DOC removal. Biological activity by the bacteria 
also accounts for the regeneration of the adsorption sites of GAC. As the bacteria and 
the enzymes produced were too large to enter the micropore of the GAC, it is 
hypothesised that regeneration of the GAC occurs when the adsorbate desorbed from 
the GAC, and subsequently being degraded by the bacteria in the biofilm. This led to a 
decrease in the adsorbate concentration in the liquid phase within the pores of the GAC, 
resulting in desorption of the adsorbate from the adsorption sites, regenerating the GAC 
(Walker & Weatherley, 1999). Adsorbate in the micropore will then be attached onto 
the empty adsorption site, repeating the process.  
 
As the DOC removal in Stage 3 of the BAC reactor involves mainly by biodegradation, 
the biodegradability of the DOC will play an important role in DOC removal. 
Biodegradability of DOC should be maximised for maximum DOC removal. 
Therefore, the combined use of AOP processes and BAC will be able to enhance the 
biological activity within the BAC reactor. AOP will increase the biodegradability of 





MATERIALS AND METHODS 
3 MATERIALS AND METHODS 
3.1 ROC source and collection 
In this project, ROC was collected from domestic water reclamation plants. In the first 
196 days of operation, ROC was collected from the second stage RO process of the 
NEWater plant in the Kranji Water Reclamation Plant (KWRP). In the KWRP, 
domestic wastewater was treated via activated sludge process and secondary clarifier. 
The supernatant from the secondary clarifier would then be further treated via a 
pressurised MF system and RO processes. Seventy-five percent of the supernatant was 
recovered as NEWater while the 25% was disposed as ROC. 
 
From 197 days to 400 days of operation, ROC collection was switched from the 
NEWater plant in the KWRP to the GE RO pilot plant in Ulu Pandan Water 
Reclamation Plant (UPWRP). In the UPWRP, unlike the treatment processes in 
KWRP, domestic wastewater was treated via a Membrane Bioreactor (MBR) process. 
In addition, UF was used in the MBR reactor. The MBR effluent was then sent to the 
GE RO pilot-plant with 75% recovery ratio. 
 
ROC collection was scheduled every week and was stored in jerry cans at 4oC in the 
laboratory’s cold room. The ROC was brought to room temperature prior to usage. 
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Table 3-1. Characteristic of ROC from KWRP and UPWRP. 
Average Parameter KWRP ROC UPWRP ROC 
pH 7.12 ± 0.33 7.35 ± 0.33 
Conductivity (µS/cm) 1451 ± 260 2170 ± 409 
Turbidity (NTU) 1.054 ± 0.746 0.751 ± 0.339 
TOC (mg/L) 24.03 ± 3.50 21.50 ± 3.99 
TN (mg/L) 30.35 ± 5.08 26.06 ± 11.74 
UV254 0.478 ± 0.056 0.372 ± 0.071 
SUVA 2.008 ± 0.210 1.662 ± 0.447 
 
Due to the difference in treatment and filtration process (UF and MF), the parameters 
of the ROC from the KWRP and UPWRP differed slightly. The use of UF in the MBR 
in the UPWRP resulted in a lower average turbidity value and standard deviation as 
compared to the KWRP’s ROC. The use of MBR also resulted in better effluent quality, 
accounting for the lower TN and TOC value in the UPWRP’s ROC. The SUVA of the 
UPWRP’s ROC was slightly lower than that of the KWRP, indicating a lower number 
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3.2 AOP (UV+H2O2) setup and operational conditions 
In this study, UV+H2O2 was used for the treatment of ROC. UV irradiation was 
conducted in a lab-scale UV AOP reactor (Enviolet, Germany). The AOP reactor 
consist of 4 UV lamps and was operated in batch processes. The performance of each 
lamp is shown in Table 3-2 while the schematic diagram of the AOP is shown in Figure 
3-1. 
Table 3-2. Performance and characteristic of UV lamps in the AOP reactor. 
No. Type Wavelength (nm) Power (W) 
1 Low Pressure 254 120 
2 Low Pressure 185 120 
3 Medium Pressure Spectrum 125 
4 Medium Pressure Spectrum 500 
 
 
Figure 3-1. Schematic diagram of the Enviolet AOP system. 
 
As seen from Figure 3-1, the entire AOP system could be controlled via the control 
panel. The pump was operating at a flowrate of 800 L/h. The hydrodynamic mixer 
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ensured that the content in the storage tank was well mixed. No temperature control 
was applied but the temperature was constantly monitored via the temperature probe. 
The system was designed to shut down once the temperature of the content in the 
storage tank hits 45 oC. Samples could be collected through the sampling point located 
after UV lamp 4. 
 
For each experimental run, 20 L of ROC was poured into the storage tank and circulated 
in the system for 5 minutes. This was to ensure that the ROC was completely mixed. 
Phase 2 involved the measurement of the effectiveness of the UV lamps on the ROC. 
In each run, a combination of UV lamps was switched on and samples were collected 
regularly and sent for analysis. Once each experimental run was completed, the treated 
ROC would be dispose of. 
 
Phase 3’s operating procedure was similar to that of Phase 2. However, during the 
initial mixing of ROC in the AOP system, H2O2 was dosed. Similar to Phase 2, in each 
run, a combination of UV lamps was switched on and samples were collected regularly 
and sent for analysis. Each experimental run was completed once the H2O2 dosage in 
the system was below detection limit. The treated ROC was disposed of once the 
experimental run was completed. H2O2 dosage used in this Phase ranged from 0.125 
mM to 2 mM, with contact time ranging from 2 minutes to 16 minutes. 
 
In Phase 4, the AOP system was used for the generation of treated ROC for the BAC 
reactors. The treated ROC was cooled to room temperature before pouring into the 
storage tank for the BAC reactors. The H2O2 dosage was 0.125 mM for the first 96 days 
of operation and 0.25 mM for the next 64 days of operation. 
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3.2.1 Cleaning process 
Quartz sleeve fouling occurred while running the AOP reactor, reducing the output 
efficiency. The AOP reactor was maintained weekly to ensure the lamp output of the 
reactor were consistent throughout the experiment. The cleaning process started with 
the circulation of 1 mM citric acid solution in the reactor for 30 minutes. The pump 
was then switched off, filling and soaking the quartz sleeve with the citric acid solution 
for an hour. The pump was switched on again to recirculate the citric acid for another 
10 minutes before draining off. This process removed the organic deposit on the quartz 
sleeve. Twenty litres of tap water was poured into the system and was recirculated for 
30 minutes to remove residual citric acid. Figure 3-2 demonstrated the effect of 






Figure 3-2. UV lamp before cleaning and after cleaning. 
 
3.3 BAC setup and operational conditions 
BAC was used as the main biological treatment of the ROC. Each BAC reactors 
consisted of 785 cm3 of GAC (Norit 1240W, Cabotcorp, USA) and were inoculated 
with 50 cm3 of mixed liquor from a lab-scale domestic wastewater MBR. The MLVSS 
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of the lab scale MBR was approximately 5000 mg/L. The specification of the GAC is 
summarised in Table 3-3. 
 
Table 3-3. GAC 1240W, Norit, Specifications (Norit, 2009). 
Parameters Values 
Iodine number >950 
Total surface area (m2/g) 1100 
Apparent Density (kg/m3) 470 
Ball pan hardness 97 
Effective diameter, D10 (mm) 0.6 – 0.7  
Uniformity coefficient 1.7 
Ash content (mass-%) 12 
pH >7 
 
Norit 1240 W was selected for the BAC reactor as it had high iodine number and 
surface area, making it ideal for removal of the NOM. Its high ball pan hardness 
prevents size degradation during experimental runs, reducing the need for constant 
replenish of GAC and increasing the longevity of the system. 
 
In Phase 1, 3 BAC reactors, R1, R2 and R3, were set up to compare the TOC removal 
effectiveness with different EBCT. ROC was channelled to the BAC reactors from a 
storage tank using peristalic pumps (Masterflex L/S, Cole and Palmer, USA). The 
flowrate of each pump was different such that the EBCT of each BAC reactor was 
different. The treated ROC was stored in another tank and was disposed of every 
morning. Glass beads were placed at the bottom of the column to distribute the flow 
evenly. As the GAC was less dense than water, glass wool and beads were placed at 
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the top of the column to prevent GAC from exiting the column. Phase 1 was separated 
into two parts, with Phase 1a using ROC from the KWRP and Phase 1b using ROC 
from the UPWRP. R1 was removed from Phase 1 at day 330 and was used in Phase 4 
of the experiment. The schematic diagram of the BAC column is shown in Figure 3-3. 
 
Figure 3-3. Schematic diagram of the BAC setup. 
 
In Phase 4, an additional reactor, R4, was set up to determine the treatment efficiency 
of BAC using AOP-treated ROC. Similar to Phase 1, AOP-treated ROC was pumped 
from a storage tank into the reactors. R1 was introduced into Phase 4 at day 42 as a 
baseline study. The EBCT of R1 was changed to 20 minutes in day 115 to compare the 
removal efficiency of the BAC reactor with different EBCT. The operational 
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Table 3-4. Operational parameters of BAC reactors R1, R3, R3 and R4. 
Phase BAC reactor EBCT (minutes) 
1 R1  40 
1 R2  60 
1 R3  80 
4 R4  40 
4a R1 (Phase 4a) 40 
4b R1 (Phase 4b) 20 
 




3.4 Water quality analysis 
3.4.1 Collection frequency 
As there were two main treatment types in this project, samples collection were done 
differently. BAC system was a continuous treatment system. Samples collected daily 
were sent for TOC and TN analysis while samples collected weekly were sent for pH, 
conductivity, UV254, LC-OCD and EEM analysis. The AOP system was a batch 
treatment system. Samples collected were sent for TOC, UV254, LC-OCD, EEM and 
BOD5 analysis.  
 
3.4.2 TOC analysis 
Samples collected were sent for total organic carbon measurement using a TOC 
analyser (TOC-VCSH, Shimadzu, Japan). The TOC analyser used the combustion 
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catalytic oxidation method. Measurement of TOC was done daily to monitor the TOC 
trend of the BAC reactors.  
 
3.4.3 UV254, EEM and LC-OCD analysis 
Samples collected were filtered using a 0.45 µm glass filter (Supor 450 Membrane disc 
filter, Pall Corporation, U.S.A.) to remove suspended solids. The filtered samples 
collected were then sent for UV254 absorbance analysis using a spectrophotometer 
(DR5000, Hach, U.S.A.). The spectrophotometer was zero using deionised water prior 
to sample measurement. Filtered samples were also sent for EEM analysis using the 
Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, U.S.A.). 
 
As the LC-OCD analyser was calibrated for 5 mg TOC/L sample, the filter samples 
were sent for TOC analysis prior to LC-OCD analysis to determine the TOC 
concentration of the sample. The samples were then diluted to 5 mg TOC/L using 
deionised water. LC-OCD analysis was done using a LC-OCD analyser (DOC-Labor 
Dr. Huber, Germany). 
 
UV254, EEM, and LC-OCD were done on a weekly basis for the BAC reactors and in 
batches for the AOP reactor studies. 
 
3.4.4 Biochemical oxygen demand, BOD5 
BOD5 measurement, as accordance to the Standard Methods, was carried out on 
samples obtained from the AOP reactor. This was to evaluate the biodegradability of 
the organics found in the treated ROC as compared to untreated ROC. Samples 
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collected were sent for BOD5 analysis within 2 hours to reduce biodegradation of 
organics. The BOD solution was prepared and aerated for 6 hours prior to analysis.  
For each sample, 3 dilutions were done, with each dilution having another set of 
duplicate bottle. The BOD value was calculated based on all the dilutions and their 
respective duplicates. Samples were poured into the BOD bottle. The prepared BOD 
solution was then poured in and stirred using a magnetic stirrer. Dissolved oxygen was 
then measured using a DO meter (YSI5100, Xylem Inc.). Once all the samples were 
done, they were stored in an incubator at 20 oC for 5 days. After 5 days, the samples 
were retrieved and their DOs were measured once more. The DO data was used for the 
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4 RESULTS AND DISCUSSIONS 
4.1 Phase 1: Impact of EBCT of BAC on fresh ROC 
Literature review has shown that BAC was effective in the degradation of most organic 
contaminants. ROC, however, was ineffective in the degradation of the organic in 
ROC.  An EBCT of 60 minutes yielded 23.4% to 39% TOC removal while an EBCT 
of 40 minutes yielded 25% TOC removal. In this phase, 3 BAC reactors were set up to 
investigate the impact of EBCT on the organics removal of ROC. 
 
4.1.1 Total Organic Carbon 
4.1.1.1 Phase 1a: KWRP ROC 
In Phase 1, by keeping other parameters constant, the impact of different EBCT of the 
BAC reactors can be observed. The TOC concentration of the ROC and BAC reactor 
effluents in Phase 1a are plotted in Figure 4-1. Figure 4-2 shows the TOC removal 
percentage of the various BAC reactors. 
 
 
















Day of operation (d)
ROC R1, EBCT 40min R2, EBCT 60min R3, EBCT 80min
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Figure 4-2. TOC removal of BAC reactors in Phase 1a. 
 
In this phase, the TOC of the ROC ranged from 20-30 mg/L, with an average TOC 
value of 24.0 ± 3.5 mg/L. This was similar to that of Lee et al (2009) and Ng et al 
(2009). At the start, the effluents of the BAC reactors were low in TOC, indicating high 
removal rate of TOC by the GAC. After 80 days of operation, the effluent TOC 
concentration of the R1, R2 and R3 were 17.1 ± 2.5%, 16.6 ± 2.3%, and 14.5 ± 2.1% 
respectively.  
 
From Figure 4-1, it is clear that with an increased in EBCT, the effluent TOC value 
decreased. The TOC of the effluent of the R3 was consistently lower than those of the 
R1 and R2, while the TOC of the effluent of the R1 was consistently the highest. This 
corresponded to the R3 having the highest percentage of TOC removal and the R1 
having the lowest percentage of TOC removal, as seen from Figure 4-2. This showed 
that higher EBCT allowed more time for the degradation of the organics found in the 
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Sudden drops in the TOC concentration of the ROC were also observed during this 
phase, most notably from Day 65 to 72 and from Day 140 to 147. The two periods were 
3 months apart. During ROC collection in these two periods, it was observed that part 
of the RO system was undergoing regular maintenance. In other words, the drop in 
TOC concentration of the ROC was due to the periodical maintenance of the RO 
membranes. During maintenance, the membranes were soaked in cleaning agent to 
remove the foulants and scalants on the membranes. The membranes were then rinsed 
with high quality water to remove the chemicals and disposed of (Metcalf & Eddy Inc., 
2003). The flushing water entered the ROC storage tank in the plant, diluting the ROC. 
This resulted in the sudden drop in the TOC value in the two periods. 
 
The different stages of BAC, as mentioned in the literature review (Section 2.3.2.2), 
can be observed in Figure 4-2. Stage 1, Stage 2 and Stage 3 could be observed in this 
phase. Taking the R1 as the reference, Stage 1 occurred in the first 25 days of operation. 
In this period, the DOC removal was mainly due to adsorption by the activated carbon. 
DOC removal by biological degradation was minimal in this period. During this period, 
the TOC removal percentage decreased significantly from 74% to 36%. The adsorption 
of organics onto the GAC reduced the adsorption sites of the GAC. As there was no 
regeneration of the adsorption site, the TOC removal percentage decreased 
significantly in this period. 
 
Stage 2 occurred from Day 25 to approximately Day 80. Compared to Stage 1, the DOC 
removal rate reduced. The DOC removal decreased from 36% to an average of 26%. 
The reduction in removal rate was due to the gradual exhaustion of the activated carbon. 
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Stage 3 occurred from approximately Day 80. In this stage, the adsorption sites of the 
GAC had been exhausted and DOC removal was mainly due to biodegradation by the 
bacteria biofilm on the GAC. Unlike Stage 1 and 2, the DOC removal was stable and 
the DOC removal reduction rate was minimal. DOC removal in this stage was 26%. 
 
The average removal efficiency for the last 50 days for the R1, R2 and R3 were 26.0 ± 
4.5%, 27.7 ± 5.5%, and 35.3 ± 4.7% respectively. The low removal percentage of 
organics in the ROC in all of the BAC reactors indicated the presence of refractory 
organics in the ROC. The results for the R1 coincided with the findings by Ng et al 
(2008), where the DOC removal with a BAC reactor of EBCT 40 minutes was 25%. 
However, the findings from the R2 did not coincide with the results from literature 
review. In this study, an EBCT of 60 minutes resulted in a 27.7% DOC removal, higher 
than the performance reported by Lee et al (2009). This could be due to the activated 
carbon used. The GAC used by Ng et al (2008) was Filtrasorb F400, which had similar 
properties as the Norit 1240 W. Both GAC had iodine number of >950, similar density 
and uniformity coefficient. The GAC used by Lee et al (2009), however, was not 
mentioned. It was hypothesized that the GAC used by Lee et al (2009) had a lower 
affinity to the organics in the ROC, resulting in lower removal rate. The removal 
efficiency of the BAC reactors are summarised in Table 4-1. 
 





Compared to R1 (%) Compared to R2 (%) 
R1/ 40 26.0 ± 4.5 N.A. N.A. 
R2/ 60 27.7 ± 5.5 + 1.7 N.A. 
R3/ 80 35.3 ± 4.7 + 9.3 + 7.6 
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Although the TOC removal of the R3 was the highest, it required a significant higher 
EBCT as compared to R1. An increase of EBCT from 40 minutes to 60 minutes only 
improved TOC removal efficiency by 1.7%, while an increase of EBCT from 40 
minutes to 80 minutes only improved TOC removal efficiency by 7.6%. While 
increasing EBCT increased TOC removal, it would be not feasible as the footprint and 
operating cost required would increase significantly. 
 
4.1.1.2 Phase 1b: UPWRP 
On day 196, the ROC source was changed from the KWRP to UPWRP, commencing 
the start of Phase 1b. The operating parameters of the BAC reactors remained similar 
to that of Phase 1a. As the RO pilot plant in the UPWRP was newly set up, there were 
several issues faced at the starting of this phase. Operating issues resulted in the high 
TOC values in the ROC. These issues were rectified and performance of the RO pilot 
plant stabilised after 15 days of operations. The TOC concentration of the ROC ranged 
from 15 mg/L to 30 mg/L, with an average value of 21.5 ± 4.0 mg/L, slightly lower 
than that of the KWRP. The TOC concentration of influent and effluent of the BAC 
reactors of Phase 1b and the performance of the reactors are summarised in Figure 4-3 
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Figure 4-3. TOC concentration of influent and effluent of BAC reactor (Phase 1b). 
 
 
Figure 4-4. TOC removal of BAC reactors in Phase 1b. 
 
As the same BAC reactors were used, only stage 3 of the BAC reactor was observed. 
The activated carbon had been exhausted in the Phase 1a. The effluent TOC trend 
followed closely to that of the influent. A rise in the influent TOC concentration would 
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the effluent of the R1, R2, and R3 were 17.9 ± 4.0 mg/L, 16.1 ± 3.7 mg/L, and 15.0 ± 
3.5 mg/L, respectively. 
 
Comparing Figure 4-3 and Figure 4-4, when the influent TOC concentration was 
increased to 46.6 mg/L on Day 196, the removal percentage of all the BAC reactors 
remained within the range of 20 – 40%. It was also observed that throughout this phase, 
the fluctuation of the influent water quality did not affect the DOC percentage removal 
of the BAC reactors. A possible explanation was due to organics removal mechanism 
of the BAC reactors. The synergistic effect of the adsorption of pollutants by GAC and 
the slow desorption of the pollutant for bacteria biodegradation allowed the BAC 
reactors to handle sudden spikes of organic load (Rattier, Reungoat, Gernjak, & Keller, 
2012). Excess un-adsorbed organics would be flushed out of the reactor, resulting in 
the linear relationship between the influent TOC trend and effluent TOC trend. This 
also demonstrated the resilience of the BAC reactors. 
 
Although there was a change in ROC source, the performance of the BAC reactors, R1 
and R2, remained the same. However, the R3 had a slight drop in performance, possibly 
due to the long EBCT. As the reactors were of the same dimensions, a longer EBCT 
would result in lesser amount of ROC treated. Therefore, the GAC in R3 might not 
have been exhausted in Phase 1a, resulting in a slight drop in the TOC removal in the 
R3. The average TOC removal of the R1, R2, and R3 were 24.9 ± 6.7%, 27.2 ± 6.8%, 
and 32.0 ± 6.6%, respectively. The TOC removal percentage of the BAC reactors in 
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Table 4-2. Performance of BAC reactor in Phase 1a and Phase 1b. 
Reactor/ EBCT Phase 1a (%) Phase 1b (%) Difference (%) 
R1/ 40 min 26.0 ± 4.5 24.9 ± 6.7 -1.1 
R2/ 60 min 27.7 ± 5.5 27.2 ± 6.8 -0.5 
R3/ 80 min 35.3 ± 4.7 32.0 ± 6.6 -3.3 
 
In conclusion, from Phase 1a and 1b, TOC removal increased with increased EBCT. 
The average TOC removal efficiencies were 24.9 ± 6.7%, 27.2 ± 6.8%, and 32.0 ± 
6.6% for EBCT of 40 minutes, 60 minutes and 80 minutes, respectively. The low 
biodegradability of the organics in the ROC (Lee, et al., 2009) (Ng, et al., 2008) resulted 
in low removal efficiencies. Although BAC was shown to be inefficient in the removal 
of TOC from ROC, it demonstrated its potential as a post treatment process if the ROC 
was treated upstream by an AOP to increase its biodegradability.  
 
4.1.2 UV 254nm analysis 
4.1.2.1 Phase 1a: KWRP ROC 
The UV254 of the ROC and effluents from the BAC reactors and the UV254 removal 
efficiencies of the reactors are plotted in Figure 4-5 and Figure 4-6, respectively. 
Similar to that of TOC in Phase 1a, the UV254 removal efficiency decreased in the first 
85 days. The adsorption by GAC effectively reduced the UV254 value, resulting in a low 
UV254 value in the effluent of the BAC reactors in the first 50 days of operation. 
However, as no regeneration was performed in BAC, the removal efficiency decreased 
as the experiment proceeded. The only regeneration mean of the GAC was desorption 
of the organics from the adsorption site of GAC and degradation of the organics by the 
biofilm that was attached on the GAC. Hence, the removal efficiency of UV254 of the 
R1, R2, and R3 decreased exponentially from 64.5%, 75.6%, and 80.5% to 20.4 ± 2.1 
%, 26.7 ± 2.5% and 37.0 ± 3.6 %, respectively (Average values were computed using 
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data after day 85 of operation). The removal results were higher than those reported 
earlier in the literature. For example, Lee et al (2009) reported a UV254 removal of 18.6 
± 1.2 %.  
 
TOC and UV254 were highly correlated. An increase in the TOC resulted in an increase 
in the UV254 absorbance. However, comparing to that of the TOC removal in Phase 1a, 
the UV254 percentage removal were slightly lower, regardless of the adsorption phase 
and biodegradation phase. This may indicate that the BAC was slightly more effective 
in the removal of non-aromatic organic contaminants. 
 
From Figure 4-5 and Figure 4-6, it was evident even after the GAC were exhausted that 
increasing the EBCT would increase the reduction of UV254 absorbance. The UV254 of 
the effluents of the R1, R2, and R3 were 0.379 ± 0.051 cm-1, 0.349 ± 0.049 cm-1 and 
0.300 ± 0.046 cm-1, respectively.  The explanation for this observation was similar to 
that of the TOC. Increasing the EBCT allowed more time for the organics to break 
down, resulting in a lower UV254 value in the effluent.  
 
The effluent trends of the UV254 absorbance followed closely to that of the influent. An 
increase in the influent UV254 would increase the effluent UV254. In addition, from 
Figure 4-5, there was a drop in the UV254 during Day 143. This coincided with the 
maintenance schedule as mentioned in Section 4.1.1.1. However, from Figure 4-6, 
there was no significant change in the UV254 percentage removal. This indicated that 
BAC reactor was able to withstand sudden fluctuation in the UV254. A possible 
explanation was also due to the removal mechanism of the BAC reactor. The limiting 
factor where the slow desorption of organics for biodegradation allowed the excess 
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4.1.2.2 Phase 1b: UPWRP 
Figure 4-7 and Figure 4-8 summarised the UV254 of the influent and effluent of the 
BAC reactors and the UV254 removal efficiency of the BAC reactors in Phase 1b, 
respectively. The R1, as mentioned in Section 3.3, was removed from this phase and 
used in Phase 4. 
 
Comparing Figure 4-3 and Figure 4-7, it was observed that the organics in the ROC 
had changed drastically in this phase. Between Day 204 to Day 357, the UV254 of the 
ROC fell within 0.3 to 0.4 cm-1, with an average value of 0.360 ± 0.066 cm-1. The UV254 
of the effluents of R1, R2 and R3 were 0.297 ± 0.050 cm-1, 0.282 ± 0.047 cm-1, and 
0.260 ± 0.042 cm-1. However, between Day 364 to Day 399, the UV254 of the ROC 
increased to an average of 0.473 cm-1. Comparing to Figure 4-3, the TOC concentration 
during this period decreased from an average of 23.9 mg/L to an average of 17.8 mg/L. 
This resulted in an increase in SUVA from 1.51 to 2.66. An increase in SUVA indicated 
that the ROC was mostly aromatic in nature, resulting in low biodegradability. As a 
result, the UV254 removal reduced and the average UV254 of the effluents of R2 and R3 
during this period increased to 0.447 cm-1 and 0.422 cm-1, respectively. 
 
From Figure 4-8, the UV254 removal efficiency of the R1, R2, and R3 were 17.3 ± 3.7%, 
21.5 ± 4.1%, and 27.6 ± 4.1%, respectively, between Day 204 to Day 357. This 
indicated that an increase in EBCT increased the UV254 removal. However, between 
Day 364 to Day 399, the removal efficiency of UV254 of the R2 and R3 decreased to an 
average of 12.3% and 17.3%, respectively, with a lowest value of 4.9% (R2) and 10.0% 
(R3) on Day 399. As mentioned in the previous paragraph, during Day 364 to Day 399, 
the TOC to UV254 ratio decreased significantly, indicating a drop in biodegradability. 
In contrary, the TOC removal efficiency during this period remained the same. This 
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showed that the organic removed and degraded during this period were mainly non-
aromatic in nature. 
 
In conclusion, from Phase 1a and 1b, an increase in the EBCT would bring about an 
increase in the UV254 removal.  Similar to the TOC, increasing the EBCT would result 
in diminished returns. In addition, an observation in the last 45 days of Phase 1b was 
that while an increase in the SUVA did not bring about a change in TOC removal, the 
UV254 removal decreased significantly. This was most likely due to the reduction in 
biodegradability of aromatic organic compounds, resulting in an increase in breakdown 
of non-aromatic organic compounds. 
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4.1.3 Humic substances analysis 
4.1.3.1 Excitation Emission Matrix 
Samples collected from the ROC and effluent of the BAC reactors were sent for EEM 
analysis to identify the type of contaminants present. EEM is a highly sensitive method 
for identifying the organic compounds “signature” .The EEM analysis of the ROC and 
effluent of BAC reactors are summarised in Table 4-3. It was observed that for all 
samples, there were peaks present at Ex=325, Em=425 and Ex=225, Em=425. In past 
EEM diagram analysis, humic acid was found to be in the region Ex=340, Em=440, 
hydrophobic acid to be in the region Ex=340, Em=425, and fulvic acid to be in the 
region Ex=250, Em=425 (Rattier, Reungoat, Gernjak, & Keller, 2012). This indicated 
that the organics present in the samples were mainly humic acid, hydrophobic acid and 
fulvic acid, which was similar to that of Rattier et al (2012). 
 
From Table 4-3, while the constituents did not change, the peak height of each 
constituents decreased slightly after BAC treatment. The ROC had a peak height of 
865 at Ex=325, Em=425. The effluents of R1, R2 and R3 had a peak height of 648, 561 
and 483 at Ex=325, Em=425, respectively. Though various articles linked the peak 
height to the concentration of organics, a reduction in peak height may not indicate a 
decrease in organic concentration. Rather, a reduction in the peak height indicated a 
drop in aromaticity and saturated bonds present in the organic compound. In addition, 
the results found from this phase differed from that of Lu et al (2013), where significant 
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4.1.3.2 LC-OCD (UPWRP) 
Due to calibration issues, the LC-OCD analyses were only performed after Day 230 of 
operation. Therefore, the ROC used for the LC-OCD analysis was from the UPWRP 
pilot RO plant. There was no prior LC-OCD analysis of ROC in literatures. LC-OCD 
separates the organics into two main categories, hydrophilic DOC and hydrophobic 
DOC. The hydrophilic DOCs (CDOCs) are further separated into bio-polymer, humic 
substance, building blocks and low molecular weight organics, with molecular weight 
of >20000, 1000, 300-500 and <350, respectively. The LC-OCD results of the ROC 
and BAC effluents are tabulated in Table 4-4. From Table 4-4, it was observed that 
majority of the organics were humic substances (41.5%) followed by hydrophobic 
organic carbon (21.7%) and LMW neutral (19.3%). This provided concrete evidences 
that ROC consisted mainly of humic substance. In addition, the organics in ROC were 
primarily hydrophilic in nature, with up to 78.3% of the organics being hydrophilic.  
 
After treatment with the BAC, although the TOC concentration decreased, the humic 
substance fraction in the effluent increased. This showed that the degradation of other 
organics were preferred over humic substance. This was expected due to the very nature 
of humic substance, which is a product of microbial degradation of organic matter and 
consisting of a high number of aromatic rings. The refractory properties of humic 
substance resulted in the preference of degradation of other more biodegradable 
organics over humic substance. In addition, the breakdown of other more 
biodegradable organic constituents might result in the production of humic substance, 
increasing its fraction. However, this effect was minimum as the overall humic 
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An additional observation made was that increasing the EBCT of the BAC reactor 
resulted in an increase in the humic substance fraction. The humic substance fraction 
increased from 0.415 to 0.442, 0.510 and 0.514 after treatment with R1, R2 and R3, 
respectively. This further support the explanation that degradation of other organic 
matters was preferred over humic substances. Even though the humic substance 
fraction increased after BAC treatment, the aromaticity of the humic substances 
remained constant. The aromaticity of humic substances of the ROC, the effluents of 
R1, R2 and R3 were 1.46, 1.31, 1.45 and 1.50, respectively. 
 
The hydrophobic fraction, building block fraction and LMW fraction decreased after 
BAC treatment. A decrease in hydrophobic fraction was most likely due to the 
hydrophobic interaction between the organics and adsorption sites of GAC. Organics 
with a higher hydrophobicity were more likely to be adsorbed by the activated carbon 
(Rattier, Reungoat, Gernjak, & Keller, 2012). A decrease in hydrophobic fraction 
indicated that the organics in the effluent were more hydrophilic. Increase in 
hydrophilicity of the organics might reduce membrane fouling propensity downstream. 
Membrane fouling is caused by the hydrophobic interaction between the organics and 
membrane, increasing the hydraulic resistance. Therefore, a reduction in the 
hydrophobic fraction would reduce the hydrophobic interaction, making downstream 
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*HOC refers to hydrophobic organic carbon 
^CDOC refers to hydrophilic organic carbon
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4.1.4 Other Parameters 
The conductivity, pH, turbidity and SUVA of the ROC and effluents from R1, R2 and 
R3 are summarised in Tables 4-5 and Table 4-6. From both Tables 4-5 and Table 4-6, 
there were insignificant change to the conductivity and pH observed after treatment 
with BAC. This was expected as BAC is a biological process. BAC does not alter the 
ions content significantly, resulting in the similar data in conductivity and pH of the 
influent and effluent. 
 
The turbidity, on the other hand, decreased significantly after BAC treatment. This was 
expected as the configuration of the BAC reactors allowed filtration capability, 
reducing suspended solids and improving the effluents’ clarity. The standard deviation 
of the effluents from the R1, R2 and R3 were much lower than that of the ROC. This 
was due to the filtration capability of the BAC reactor. The low standard deviation also 
indicated the high consistency of the turbidity of the effluent. An additional observation 
made was that increasing the EBCT of the BAC reactor improved the turbidity of the 
effluent. This, too, was expected as increasing the EBCT increased the contact time, 
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Table 4-5. Other parameters of the KWRP ROC and BAC effluents. 































Table 4-6. Other parameters of the UPWRP ROC and BAC effluents. 
































4.1.5 Varying EBCT 
The BAC reactors were designed such that samples could be obtained from different 
points in the reactor. As seen from Figure 3-3, valves were located at different height 
of the reactor. Samples obtained from different valves would have different EBCT. 
Valves were drained prior to sampling such that samples obtained were of the 
corresponding EBCT and not from the volume of treated effluent above the valves. In 
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this phase, 4 runs were done. Samples collected were sent for TOC analysis to 
determine the optimal EBCT of BAC for the treatment of ROC. The results of 
normalised TOC against EBCT are illustrated in Figure 4-9. It was observed that the 
curves followed a negative exponential curve. The optimal EBCT, as observed for Run 
1 and Run 4, was 20 minutes while for Run 2 and Run 3, the optimal EBCT was 30 
minutes. Any increments beyond the optimal EBCT would result in diminishing 
returns. While there were two different optimal EBCT results obtained from this study, 
it was concluded that the EBCT contact time required for treatment of ROC need not 
to be as long as 40 minutes and 60 minutes (Lu, Fan, & Roddick, 2013) (Ng, et al., 
2008) (Lee, et al., 2009). In conclusion, the optimal EBCT for the removal of TOC 
from ROC was approximately 20 minutes to 30 minutes. 
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4.2 Phase 2: Organics removal of ROC using Ultraviolet Oxidation 
Process 
In this phase, the performance of the UV lamps, without the addition of H2O2, were 
explored. This served as a baseline study such that comparisons between UV+H2O2 
AOPs and UV oxidation processes can be investigated. In this phase, each batch run 
was conducted with a UV contact time of 2 to 3 minutes to observe the general trend 
and performance of the selected lamp(s). Due to operating issues, treatment of ROC 
using Lamp 1 only was not possible. As such, Lamp 1 and 2 were run in conjunction 
to observe the impact of Lamp 1 on ROC. As this thesis serves to determine the 
efficiency of AOP treatment using low pressure and medium pressure lamp, the 
performance of Lamp 2 and Lamp 4 without H2O2 dosage were explored. Table 4-7 
serves as a recap of the characteristic of each UV lamp in the Enviolet AOP system. 
 
Table 4-7. Recap of characteristic of UV lamps in the AOP reactor. 
No. Type Wavelength (nm) Power (W) 
1 Low Pressure 254 120 
2 Low Pressure 185 + 254 120 
3 Medium Pressure Spectrum 125 
4 Medium Pressure Spectrum 500 
 
 
4.2.1 Total Organic Carbon Trend of Single Lamp 
Figure 4-10 illustrates the performance of the UV lamps on the TOC of ROC. Samples 
collected during each run were sent for TOC analysis to determine the mineralisation 
rate of the organics in the ROC when exposed to UV. While all other lamps displayed 
evidences of mineralisation, the combined effect of Lamp 1 and Lamp 2 resulted in a 
slight increase (4%) of TOC. This could be due to the slight error in the TOC analyser. 
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UVC had been shown to be able to degrade humic acid, albeit ineffective. Exposure of 
30 h and 71 h was able to reduce the TOC of humic acid by 50% and 75% respectively 
(Allard, et al., 1994). Therefore, TOC degradation was minimal with a UV contact time 
of 2.5 minutes. 
 
Among the 4 UV lamps, Lamp 3 and Lamp 4 exhibited the most amount of 
mineralisation. From Figure 4-10, the normalised TOC after 2.5 minutes of contact 
time for Lamp 3 and Lamp 4 were 0.929 and 0.905 respectively. This was expected as 
both Lamp 3 and Lamp 4 were medium pressure UV lamps. UV of wavelength less 
than 200 nm is more easily absorbed by humic substances, oxidising it at the same time 
(Wang, et al., 2000). Medium pressure lamp emits a spectrum of wavelength, ranging 
from 150 nm to 800 nm, resulting in the absorption of a range of UV below 200 nm by 
the organics and degrading the organics. In addition, the higher power output of MP 
UV lamp would provide sufficient power for the mineralisation of the organics in the 
ROC. 
 
Lamp 2 emitted VUV, with a wavelength of 185 nm. As mentioned in the previous 
paragraph, UV of wavelength less than 200 nm is easily absorbed by humic substances. 
However, the final normalised TOC was 0.97, higher than that of Lamp 3 and Lamp 4. 
The low TOC removal could be attributed to the fast absorption of the VUV by the 
dissolved oxygen molecules. This reduced the UV irradiation on the humic substances, 
reducing the degradation rate.  
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4.2.2 UV 254nm trend of single lamp 
The normalised UV254 absorbane trend of each UV lamp is shown in Figure 4-11. From 
Figure 4-11, Lamp 4 showed the most removal, with a final normalised UV254 value of 
0.697, while Lamp 3 had the worst performance, with a final normalised UV254 value 
of 0.985. Comparing the performance of Lamp 1 + Lamp 2 versus Lamp 2, it was 
evident that Lamp 1 does not have an impact on the reduction of UV254. The 
performance of both Lamp 1 and Lamp 2 was very similar to that of Lamp 2 alone. The 
final normalised UV254 value of Lamp 1 + Lamp 2 was 0.878 while Lamp 2 alone 
achieved 0.890. This showed UVC was ineffective in the oxidation of aromatic rings 
and unsaturated bonds.  
 
Lamp 2, on the other hand, was effective in the reduction of UV254. This was because 
Lamp 2 was able to produce ozone from the dissolved oxygen in the ROC. Dissolved 





















UV contact time (min)
Lamp 2 Lamp 3 Lamp 4 Lamp 1 & 2
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then react with other dissolved oxygen to form ozone. As shown by the Criegee 
mechanism, ozone is able to cleave aromatic rings, forming aldehydes. Ozone is also 
able to cleave carbon double bonds and alkyne, forming carboxylic acid and aldehyde 
respectively (Criegee, 1975). The oxidation of aromatic rings and unsaturated bonds 
reduced the UV254 value. Therefore, while Lamp 2 was unable to remove TOC 
effectively, it was able to reduce the UV254 significantly. 
 
An addition observation was that although Lamp 4 had similar TOC removal as 
compared to Lamp 3, the UV254 removal of the two lamps were very different. After 
2.5 minutes of contact time, Lamp 3 had negligible UV254 removal while Lamp 4 had 
30% UV254 removal. This was because Lamp 3 and Lamp 4 were two different types 
of medium pressure UV lamps. As mentioned by the manufacturer, Lamp 3 was 
primarily designed for observation of slower reaction while Lamp 4 was designed for 
breakdown of H2O2. Although Lamp 3 had a power output 4 times lower than Lamp 4, 
its UV output was approximately 10 times lower than that of Lamp 4. As a result, Lamp 
3 was unable to reduce UV254 as effectively as Lamp 4. 
 
In conclusion, Lamp 2 and 4 had shown to be effective in the reduction of UV254 and 
TOC. Therefore, the combination of Lamp 2 + Lamp 4 was explored in the latter part 
of this phase to determine whether there would be an increase in performance. Lamp 1 
and Lamp 3, however, was ineffective in the oxidation of organics in the ROC. This 
was primarily due to the design of Lamp 1 and Lamp 3. Lamp 1 only emits UV with 
wavelength 254 nm while Lamp 3 was designed primarily for the observation of slow 
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Figure 4-11. Normalised UV254 against UV contact time of each UV lamp of the Enviolet AOP 
system. 
 
4.2.3 Performance of Lamp 2 + Lamp 4 
Lamp 2 + Lamp 4 was run for a total contact time of 2.5 minutes to observe the TOC 
and UV254 removal trend. Figure 4-12 and Figure 4-13 summarise the normalised trend 
of TOC and UV254 of Lamp 2 + Lamp 4, respectively. The use of Lamp 2 + Lamp 4 
increased the TOC removal from 9.5% (Lamp 4 alone) to 11.2% and UV254 removal 
from 30.4% to 34.1%. This served as a baseline study for Phase 3, where H2O2 was 
added to determine the AOP performance. Although the increase in removal of TOC 
and UV254 were slight, Lamp 2 + Lamp 4 were used in Phase 3. As explained in 2.2.2, 
though low pressure UV lamps are efficient, their low power output would result in 
longer contact time and larger footprint required. Medium pressure lamp, however, had 
high power output, reducing the contact time and footprint required. As such, the 
combined use of Lamp 2 and Lamp 4 for AOP was further explored for the treatment 
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4.3 Phase 3: Impact of H2O2 dosage during Advanced Oxidation 
Process  
From Phase 1, BAC alone was not sufficient for the removal of organics in the ROC. 
To improve the removal performance, pre-treatment of the ROC was required to 
increase the biodegradability of the organics. In Phase 3, UV+H2O2 was used to 
increase the biodegradability. As mentioned in Phase 2, the lamps used for AOP were 
Lamp 2 + Lamp 4. Lamp 2 is a low pressure UV lamp and is capable of producing 
ozone while Lamp 4 is a medium pressure UV lamp, able to dissociate H2O2 at a faster 
rate. BOD was used as a parameter to determine the biodegradability of the treated 
product. Other parameters such as TOC, UV254, EEM and LC-OCD were also 
investigated.  
 
4.3.1 UV contact time 
In this phase, different dosages of H2O2 were used to determine the optimal H2O2 
dosage for AOP treatment of ROC. Different H2O2 dosage requires different UV 
contact time for complete removal of H2O2. Unlike Phase 2, complete H2O2 removal is 
essential as residual H2O2 present in the AOP effluent will affect the downstream 
biological process. As the H2O2 dosage increased, the UV contact time required also 
increased. The H2O2 dosage and its required UV contact time for the complete removal 
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Table 4-8. H2O2 dosage and its corresponding UV contact time. 








An interesting observation was the relationship between the required UV contact time 
and H2O2 dosage was not linear. The graph of H2O2 dosage against UV contact time is 
shown in Error! Reference source not found.. As seen from the graph, the rate of 
increase in UV contact time decreased with increasing H2O2 dosage. This could be due 
to scavenging effect. As mentioned in Section 2.2.3.2, at elevated H2O2 dosage, the 
dissolved H2O2 might react with the hydroxyl radical, breaking down the H2O2. This 
resulted in a faster decay of H2O2, requiring lesser amount of time required for complete 
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4.3.2 Total organic carbon 
The normalised TOC trend of the ROC during AOP treatment is summarised in Figure 
4-14. The final normalised TOC value of each run is tabulated in Table 4-9. As seen 
from Figure 4-14, the TOC of the ROC during treatment dropped in all H2O2 dosage, 
indicating that mineralisation occurred in all of the experiment runs.  
 
Figure 4-14. Normalised TOC value of ROC during AOP treatment. 
 
Table 4-9. Final Normalised TOC value of AOP run. 
H2O2 
dosage(mM) 
UV contact time (min) Final Normalised TOC 
2 13 0.564 
1.5 12 0.691 
1 10 0.743 
0.5 7 0.805 
0.25 5 0.761 
0.125 3 0.785 



















UV contact time (min)
2mM H2O2 1.5mM H2O2 1mM H2O2 0.5mM H2O2
0.25mM H2O2 0.125mM H2O2 0mM H2O2
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AOP treatment with 2 mM H2O2 dosage yielded the highest mineralisation rate, with a 
final normalised TOC value of 0.564. AOP treatment with 0.125 mM H2O2, however, 
did not yield the lowest mineralisation rate. AOP treatment with 0.5 mM H2O2 had the 
highest normalised TOC value at 0.805. During this phase, it was observed that with 
H2O2 dosage above 0.5 mM, the final normalised TOC value decreased with increasing 
H2O2 dosage. This indicated that AOP was more than oxidising the recalcitrant organics 
into biodegradable forms, it was mineralising the organics into inorganic forms. This 
was most likely due to over dosage of H2O2 into the system. Excess H2O2 resulted in 
the formation of more hydroxyl radical, oxidising the organic carbon completely, 
bringing about a drop in TOC content over time.  
 
When H2O2 dosage was below 0.5 mM, the final normalised TOC was approximate 
0.8. This indicated that mineralisation was minimal when the H2O2 dosage was below 
0.5 mM. As seen from Table 4-9, with a contact time of 3 minutes, the normalised TOC 
result with 0 mM of H2O2 dosage was 0.879. This showed that the addition of H2O2 
contributed significantly to the mineralisation of TOC in the ROC. The addition of 
H2O2 generated hydroxyl radical, which broke down the organic carbon into inorganic 
forms, lowering the normalised TOC. In addition, hydroxyl radical has a much higher 
redox potential than ozone. At 25 oC, hydroxyl radical has a redox potential of +2.80 
V, while ozone has a redox potential of +2.07 V. The high redox potential of hydroxyl 
radical indicated that hydroxyl radicals were more likely to oxidise organic carbon into 
inorganic form, rather than just oxidising it to increase its biodegradability. 
 
From Figure 4-14, it was observed that the normalised TOC graph followed a negative 
exponential curve, indicating that the rate of TOC removal decreased with the UV 
contact time. The shape of the curve was mainly due to the availability of H2O2 in the 
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system. When H2O2 was in abundance in the system, more H2O2 were dissociated, 
generating hydroxyl radicals at a faster rate. This increased the rate of reaction, 
resulting in a faster TOC removal at the start of the reaction. As the reaction proceeded, 
the H2O2 concentration decreased, reducing the rate of generation of hydroxyl radicals. 
This brought about a lower rate of breakdown of TOC.  
 
While AOP was able to reduce TOC concentration of the ROC, the objective of AOP 
was not to mineralise the organic carbon. As mentioned in Section 1.5, the objective of 
AOP was to increase the biodegradability of the organics in the ROC. This was to allow 
further organics removal in the downstream biological process. However, the reduction 
of TOC concentration could potentially result in a smaller BAC reactor downstream. 
With a lower TOC concentration influent into the BAC reactor, a shorter EBCT would 
be required to further reduce the TOC concentration to an acceptable limit.  
 
4.3.3 UV254 nm absorbance 
Figure 4-15 illustrates the trend of the normalised UV254 absorbance of the ROC during 
AOP treatment. From Figure 4-15, it was observed that the UV254 absorbance decreased 
with UV contact time. Similar to TOC, the normalised UV254 graph followed a negative 
exponential curve. As explained in 0, the shape of the curve was most likely due to the 
availability of H2O2 in the system. Under elevated H2O2 concentration, hydroxyl radical 
generation was high, resulting in higher rate of reduction of UV254. When H2O2 
concentration was low, the hydroxyl radical generation decreased, resulting in lower 
rate of reduction of UV254. However, the negative exponential curve shape also 
indicated that while H2O2 was still present in the system, the hydroxyl radicals 
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Figure 4-15, Normalised UV254 value of ROC during AOP treatment 
 
While it is an established fact that ozone is able oxidise and cleave the aromatic rings 
and unsaturated bonds, this experiment also demonstrated the potential of hydroxyl 
radicals to attack the aromatic rings and unsaturated bonds, reducing the UV254 
absorbance value during the UV+H2O2 process. From Figure 4-15, the normalised 
UV254 value of AOP-treated ROC were lower than that of UV oxidation only (0 mM 
H2O2 dosage). In the absence of H2O2, organics in the 0 mM dosage run could only be 
oxidised by direct UV irradiation and ozone. After 3 minutes of UV exposure, the 
normalised UV254 value was 0.622. When 0.125 mM of H2O2 was dosed into the 
system, organics could be oxidised by direct UV irradiation, ozone and hydroxyl 
radical. After 3 minutes of UV contact time, the normalised UV254 value of the 0.125 
mM H2O2 AOP run was 0.512, indicating that the hydroxyl radicals generated were 
able to oxidise the aromatic rings and unsaturated bonds. However, as demonstrated by 
2 mM and 1.5 mM of H2O2 dosage, the maximum UV254 removal was approximately 

























UV contact time (min)
2mM H2O2 1.5mM H2O2 1mM H2O2 0.5mM H2O2
0.25mM H2O2 0.125mM H2O2 0mM
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Unlike the trend in TOC, the observation made during this experiment was that an 
increase in H2O2 dosage would result in a lower normalised UV254 value. The final 
normalised UV254 value for 2 mM, 1.5 mM, 1 mM, 0.5 mM, 0.25 mM, and 0.125 mM 
H2O2 dosage were 0.152, 0.150, 0.241, 0.262, 0.399, and 0.516, respectively. This 
observation could be explained by the generation of hydroxyl radicals. As mentioned 
in the previous paragraph, hydroxyl radicals had shown the potential of reducing the 
UV254 absorbance. Increasing the H2O2 dosage increased the hydroxyl radical 
generation, oxidising the aromatic rings and unsaturated bonds, resulting in a lower 
normalised UV254 value. 
 
In conclusion, UV+H2O2 AOP was able to reduce the UV254 absorbance of the ROC, 
indicating the decrease in aromatic rings and unsaturated bonds. This might bring about 
an increase in biodegradability, which was desirable for the downstream biological 
treatment.  
 
4.3.4 Humic substance analysis 
4.3.4.1 EEM spectra 
EEM was used to track how the organics changed during AOP treatment. The EEM 
analysis of the AOP treated ROC is shown in Figure 4-16. Similar to that in Phase 1, 
the ROC contained two intense peaks, indicating high concentration of humic acid and 
fulvic acid. After treatment with AOP, it was observed that the peak reduced, and in 
some cases, was beyond detection limit, indicating the possibility of change in chemical 
compositions in the humic acid and fulvic acid. This observation is similar to the study 
by Liu et al (2011), where VUV+H2O2 was able to reduce the intensity of the peaks of 
ROC significantly. The reduction of the fluorescence was mainly due to the hydroxyl 
radicals. The hydroxyl radicals reacted with the humic and fulvic acid, altering the 
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chemical composition and bringing about a decrease in the fluorescence of the EEM 
spectra. This was also the reason that explained the observation that increasing the H2O2 














Figure 4-16, EEM spectra for the AOP treated ROC  
 
While running the AOP experiments for 0.25 mM and 1 mM H2O2 dosage, samples 
were obtained from the system periodically and sent for EEM analysis. This was to 
observe how the organics changed during the AOP treatment, and how the H2O2 dosage 
affect the organics during AOP treatment. The EEM spectra for the two runs are 
illustrated in Figure 4-17. While the EEM spectra showed constant peak reduction for 
0.25 mM H2O2 throughout the run, the EEM spectra for 1 mM H2O2 demonstrated 
evidence that the rate of reaction had decreased at 6 minutes of UV contact time. 
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Comparing the EEM spectra of 6 minutes and 10 minutes, there was minimal difference 
in the peak height. A similar observation was made in Figure 4-15. At 6 minutes contact 
time, the normalised UV254 value for 1 mM H2O2 was 0.298, while at 10 minutes 
contact time, the value was 0.241, a slight difference of 0.057. This might a result of 
over dosage of H2O2. H2O2 remained in the system even though the organics had been 
oxidised into simpler forms. In addition, the excess H2O2 might be undergoing 
scavenging effect, which resulted in minimal change in the EEM spectra after 6 minutes 
of UV contact time.
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Dosage ROC 3 min 4 min 5 min 6 min 10 min 
1mM 
 
     
0.25mM 
    
N.A. N.A. 
Figure 4-17. EEM spectra for AOP treated ROC with different contact time.
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4.3.4.2 Liquid Chromatography – Organic Carbon Detection 
Humic substance concentration was quantified using the LC-OCD analyser. While 
BAC was able to remove approximately 25% of the TOC, LC-OCD analysis had 
revealed that BAC was ineffective in the reduction of humic substance fraction. 
Samples obtained during AOP were sent for LC-OCD analysis for organics 
characterisation. The LC-OCD results of the AOP experimental runs are tabulated in 
Table 4-10. 
 
From Table 4-10, it was observed that the hydrophobic fraction of the ROC decreased 
slightly after treatment with AOP (marked with the red box), indicating a slight increase 
in hydrophilicity of the AOP treated ROC. This finding was expected as hydroxyl 
radicals, as shown in the previous sections, had the potential to oxidise hydrophobic 
aromatic rings and unsaturated bonds. This will bring about a decrease in the 
hydrophobic fraction in the organics. In addition, the oxidisation of aromatic rings and 
unsaturated bonds will result in the formation of carboxyl group, formyl group, and 
hydroxyl group. As these functional groups are able to form hydrogen bonds with water 
molecules, an increase in these functional groups will increase the hydrophilicity of the 
organics. The oxidation of aromatic rings and unsaturated bonds also brought about a 
decrease in the aromaticity of the humic substance, as shown in the blue box. Increasing 
the H2O2 dosage brought about a larger decrease in the aromaticity of the humic 
substance. This was expected as higher H2O2 generate more hydroxyl radicals. A 
reduction in the aromaticity of the humic substance might indicate higher 
biodegradability of the organics. 
 
AOP had shown to be able to reduce the humic substance concentration. By multiplying 
the TOC concentration and the percentage of humic acid, AOP using 2 mM, 1.5 mM, 
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1 mM, 0.5 mM, 0.25 mM, and 0.125 mM H2O2 were able to reduce humic substance 
by 62.5%, 63.2%, 39.7%, 45.4%, 32.7%, and 32.6%, respectively. However, the humic 
substance fraction in the effluent was similar to the influent (marked by the green box). 
With the exception of the 0.5mM H2O2 AOP experiment run, the humic substance 
fraction of the influent and effluent maintained at 30% to 40% range. There are two 
possible explanations for this observation. The first explanation was that due to the 
high oxidising power of hydroxyl radicals, they would oxidise any species in the 
vicinity, and at the same time, mineralising and breaking down the conjugated bonds 
and aromatic rings in the humic substance (Li, Zhu, Zhang, Wu, & Han, 2006). This 
resulted in minimal change in the humic substance fractions as all other types of 
organics were mineralised at the same time. The second explanation was due to the 
nature of humic substance. Humic substance is a supramolecule consisting of small, 
heterogeneous, and undefined number of organic molecules that are held together by 
hydrophobic interactions. When disrupted and broken apart, these small organic 
molecules could re-assemble back into the apparent large molecular sized humic 
substance again (Piccolo, 2001). This, too, would result in minimal change in the humic 
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  Molecular Weight 














Before 20.284 100.00% 21.4% 78.6% 1.7% 34.6% 0.97 22.1% 20.1% 0.0% 
After 7.907 100.00% 21.7% 78.3% 3.7% 33.3% 0.05 17.3% 25.6% 0.0% 
1.5mM 
Before 24.598 100.00% 26.6% 73.4% 3.8% 32.7% 1.66 17.5% 19.3% 0.0% 
After 9.979 100.00% 18.5% 81.5% 1.3% 29.6% 0.12 17.0% 32.0% 1.6% 
1mM 
Before 20.443 100.00% 20.3% 79.7% 1.9% 38.0% 0.82 17.8% 22.0% 0.0% 
After 11.820 100.00% 19.6% 80.4% 1.8% 39.6% 0.18 13.4% 25.3% 0.3% 
0.5mM 
Before 19.884 100.00% 22.5% 77.5% 0.9% 41.1% 1.47 17.0% 18.5% 0.0% 
After 15.954 100.00% 21.2% 78.8% 7.3% 28.0% 0.35 19.9% 23.6% 0.0% 
0.25mM 
Before 23.742 100.00% 20.5% 79.5% 2.2% 35.1% 1.47 14.9% 27.3% 0.0% 
After 15.191 100.00% 19.7% 80.3% 1.6% 36.9% 0.35 14.9% 26.9% 0.0% 
0.125mM 
Before 16.99 100.00% 25.1% 74.9% 0.7% 42.4% 1.45 12.7% 19.4% 0.0% 
After 11.696 100.00% 19.2% 80.8% 1.5% 41.5% 0.70 17.5% 20.2% 0.0% 
*HOC refers to hydrophobic organic carbon 
^CDOC refers to hydrophilic organic carbon 
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4.3.5 Biodegradability 
Biodegradability was the key component in the AOP experimental runs. As mentioned 
in Chapter 1.2, the main objective of the AOP was to achieve acceptable degradation, 
increasing the biodegradability of the ROC. The treated ROC could then be further 
treated using BAC downstream. Biodegradability can be quantified by the BOD to 
TOC ratio. The higher the BOD to TOC ratio, the more biodegradable the organics. 
The biodegradability of the treated ROC and untreated ROC is illustrated in Table 4-11. 
From Table 4-11, it is observed that AOP was able to increase the biodegradability of 
the organics in the ROC. The BOD to TOC ratio of the ROC was below 0.5, indicating 
low biodegradability. Similar finding was reported by Lee et al (2009), where the BOD 
to TOC ratio was below 0.11. After AOP, for H2O2 dosage between 0.125 mM to 1.5 
mM, the BOD to TOC ratio increased to approximately 1. The BOD to TOC ratio of 
the treated ROC using 2 mM H2O2 further increased to 1.98, indicating an increase in 
biodegradability. 
 
The increased in biodegradability of the organics in the ROC after AOP treatment was 
expected. As seen from Figure 4-15, Figure 4-16, and Table 4-10, the hydroxyl radical 
generated by UV+H2O2 were able to oxidise the aromatic rings and unsaturated bonds, 
reducing the aromaticity of the humic substance significantly. The reduction of 
aromaticity of the humic substance increased the biodegradability, which increased the 
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Table 4-11 BOD to TOC ratio after AOP 
 H2O2 Dosage (mM) BOD/TOC ratio 
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4.4 Phase 4: Feasibility of UV+H2O2+BAC on organics removal of 
the ROC 
In Phase 4, a BAC reactor, R4, was fed with AOP treated ROC.  Phase 4 was to 
investigate the potential of AOP and BAC for the treatment of ROC. The parameters 
set in Phase 4 were based on the results obtained in Phase 1 to Phase 3. AOP were done 
in batches and were stored temporary inside the feed tank prior to the BAC reactors. 
At day 42 of operation, R1, renamed to R1’, was introduced into Phase 4 to serve as a 
comparison to R4. The introduction of R1’ was also to observe the time period required 
for stabilised BAC reactors to adapt to a new influent condition. Phase 4 ran for a period 
of 150 days, in which it was split into 3 sub phases. The parameters of the 3 sub phases 
are summarised in Table 4-12. 
 
Table 4-12. Operating parameters of the sub phases in Phase 4. 
Phase Days 












4.1 1-90 75% 0.125 3 40 40 
4.2 91-120 75% 0.25 5 40 40 
4.3 121-150 93% 0.25 5 20 40 
 
As seen from Table 4-12, the key difference between Phase 4.1 and Phase 4.2 was the 
increase in H2O2 dosage. This was to observe whether an increase in H2O2 dosage 
would bring about an increase in organic removal by the system. While the ROC used 
in Phase 4.3 was from a high recovery RO system, the main objective of Phase 4.3 was 
to investigate whether the reduction of the EBCT of BAC reactor would bring about a 
difference in organic removal. As shown in Phase 1, the optimal EBCT of BAC lied 
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between 20 to 30 minutes. Therefore, the EBCT of R1’ was changed to 20 minutes to 
observe any changes in TOC removal as compared to R4. 
 
In this phase, samples were collected at different points of the experiment. The different 
sampling points were as follows: 
 ROC:    Samples taken from ROC prior to AOP; 
 AOP treated ROC:  Samples taken immediately after AOP; 
 BAC influent:  Samples taken from the BAC influent tank; and 
 R(x) effluent:  Samples taken from R(x) reactor. 
 
4.4.1 Phase 4.1: Performance of AOP+BAC system  
The effectiveness of organic removal using AOP+BAC system was investigated over 
a period of 90 days in Phase 4.1. The TOC trend of the AOP+BAC system is shown in 
Figure 4-18, while the overall TOC percentage removal trend is shown in Figure 4-19. 
The TOC removal percentages of the last 10 days of operation in Phase 4.1 are 
summarised in Table 4-13. 
 
As seen from Figure 4-19, there was significant TOC removal of the AOP+R4 BAC 
system at the start, with up to 94% overall TOC removal. However, as the experiment 
proceeded, the TOC removal of R4 decreased, with an average total TOC removal of 
54.5% in the last 10 days of operation in Phase 4.1 (Table 4-13). This observation can 
be explained by the TOC removal mechanism of BAC reactor, as explained in Section 
2.3.2.2. The R1’, however, did not exhibit such trend. Rather, the TOC removal rate of 
the R1’ was maintained within 40% to 60% range, with an average removal value of 
51.6% in the last 10 days of operation in Phase 4.1 (Table 4-13). The main reason for 
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this observation was that the activated carbon of R1’ was exhausted prior to switching 
to Phase 4. R1’ had been in operation for 330 days in Phase 1, and was in stage 3 of 
the organics removal mechanism of the BAC reactor. Thus, the R1’ exhibited a 
different trend as compared to the R4. In addition, from Figure 4-18 and Figure 4-19, 
it was observed that the TOC removal of both R4 and R1’ merged at Day 81, indicating 
that the organics removal of the R4 had reached steady state at Day 81.  
 
An additional observation from Figure 4-18 was the disparity of TOC concentration 
between the AOP-treated ROC and BAC influent. As seen from Table 4-13, during the 
last 10 days of operation, there was an average of 15.94% of TOC removed in the BAC 
influent tank. This was largely due to operating procedure of the AOP+BAC system. 
The BAC reactors were running continuously without any stoppage. The AOP 
treatment, on the other hand, was done in batches. Large quantity of AOP-treated ROC 
was generated each week and stored in 4oC cold room. Each day, approximately 40 L 
of the AOP-treated ROC was poured into the BAC influent tank, sufficient to feed the 
BAC reactors for a day. However, as the AOP-treated ROCs were biodegradable, 
biofilms started to form in the BAC influent tank. This resulted in biodegradation of 
the AOP-treated ROC before it was being fed into the BAC reactors. Although the 
influent tank was washed bi-weekly to remove the biofilms, degradation of the AOP-
treated ROC was still observed, causing the drop in TOC concentration in the BAC 
influent tank. 
 
It was also evident that the increase in biodegradability brought about an increase in 
the TOC removal by the BAC reactors. From Table 4-13, the TOC removal of BAC 
reactor only was 39.59% and 35.97% for the R4 and R1’, respectively. As seen in Phase 
1, the BAC reactor with an EBCT of 40 min, only achieved 24.9% TOC removal when 
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fresh ROC was used. This further proved that UV+H2O2 was able increase 
biodegradability, improving the performance of the BAC reactors.  
   
 
Figure 4-18. TOC concentration of the AOP+BAC system, R4 and R1’. 
 
 
Figure 4-19. Overall percentage removal of organic carbon of the AOP+BAC system 
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Table 4-13. TOC percentage removal for the Day 81 to Day 90 in Phase 4.1. 
Stage TOC removal by current stage* 
Total TOC removed 
(Previous stages and current stage) 
AOP 
9.02 % 
± 9.08 % 
9.02 % 
± 9.08 % 















*Calculation is based on the influent of the current stage, not the TOC of the ROC. 
 
4.4.1.1 UV254 absorbance 
The UV254 absorbance trend of Phase 4.1 is illustrated in Figure 4-20. The total 
reduction of UV254 of AOP+R4 and AOP+R1’ were 68.8 ± 11.6% and 43.6 ± 16.8%, 
respectively. From Figure 4-21, it was observed that AOP accounted for the main 
reduction of UV254 absorbance. AOP reduced the UV254 value of ROC by 37.1 ± 11.9 
%, while UV254 reduction by the R4 and R1’ (based on fresh ROC) were 31.7% and 
6.69%, respectively. UV254 reduction by the R4 and R1’ (based on BAC influent) were 
51.5% and 11.6%, respectively. This observation was expected as AOP was meant to 
oxidise the aromatic rings and unsaturated bonds, which reduced the UV254 value. From 
Phase 3, AOP using 0.125 mM H2O2 was able to reduce the UV254 by 49%. BAC, on 
the other hand, was meant to biodegrade the organics. The biodegradation mechanism 
of BAC was unable to reduce the UV254 value significantly. Therefore, in an 
AOP+BAC system, UV254 was mainly reduced by AOP.   
 
While the TOC value of the R1’ and R4 managed to converge during Phase 4.1, UV254 
absorbance had different results. As observed in Figure 4-20, while the UV254 
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absorbance of the R1’ effluent was lower than that of the influent, it was consistently 
higher than that of the R4. This observation could be reasonably explained by the 
adsorption and desorption of the GAC in the R1’. The R1’ had been used for the 
treatment of fresh ROC for 330 days during Phase 1. As a result, the organics that were 
adsorbed onto the GAC were high in aromaticity and UV254 value. When AOP-treated 
ROC was subsequently fed into the reactor, both adsorption and desorption occurred. 
The aromatic-rich organics were desorbed from the GAC while the biodegradable 
organics were adsorbed onto the GAC. The desorbed aromatic-rich organics would 
then flow out of the reactor, resulting in high UV254 value. In addition, due to the slow 
rate of desorption of the GAC, the aromatic-rich organics were released out of the 
system slowly, causing the consistently higher UV254 value of the R1’ effluent as 
compared to the R4. 
 
In conclusion, AOP+BAC system had shown to be effective in the organics removal of 
the ROC. The use of AOP contributed significantly to organics removal. The  AOP+R4 
and AOP+R1’ systems were able to achieve 54.53% and 51.36% of total TOC removal, 
respectively, a noticeable increase over the 24.9% of TOC removal achieved using the 
BAC reactor with 40min EBCT in Phase 1. While the AOP and biofilm in the BAC 
feed tank contributed to the TOC removal, majority of the TOC removed were due to 
the BAC reactors. The BAC accounted for more than 50% of the total TOC removed, 
while the AOP and biofilm in the feed tank accounted for approximately 16.6% and 
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Figure 4-20. UV254 absorbance trend of AOP/BAC system during Phase 4.1. 
 
4.4.1.2 Humic substance analysis 
The organics breakdown at different points of the system is tabulated in Table 4-14. As 
mentioned in Phase 3, although the use of AOP did not bring about any difference in 
the humic substance fraction, the aromaticity of the humic substance and the 
hydrophobic carbon fraction decreased. This was observed in Phase 4.1 as well. There 
was a 56.5% reduction in the aromaticity of humic substances, while the humic 
substances fraction increased by an average of 1.57%. The hydrophobic fraction of the 
organic also decreased by 8%. It was also observed that the standard deviation values 
of the ROC were greater than the BAC influent. This suggested that the use of AOP 
reduced the deviation and produced a more consistent effluent quality.  
 
In Phase 1, it was concluded that BAC treatment increased the humic substance 
fraction, and decrease the LMW and building blocks fraction. It was also observed that 
the aromaticity of humic substances did not have significant changes after treatment 
with BAC. In Phase 4.1, similar trends were observed. As seen from Table 4-14, the 
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R1’, respectively, while the humic substance fraction increased from 41.83% to 
54.38% and 44.88%, respectively. The aromaticity of humic substance were also 
maintained at 0.638 to 0.61 and 0.73 for the R4 and R1’, respectively. The slightly 
higher aromaticity value of the R1’ was most likely due to desorption of aromatic-rich 
humic substances that were adsorbed onto the GAC during Phase 1.  
 
Phase 4.1 had demonstrated the reproducibility of both the AOP and BAC systems. 
Observations made in Phase 1 and Phase 3 were also seen in Phase 4.1. The 
reproducibility of the process suggested the feasibility of the process being applied in 
real-world scenarios.   
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*HOC refers to hydrophobic organic carbon 
^CDOC refers to hydrophilic organic carbon
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4.4.2 Phase 4.2: Effects of increasing H2O2 dosage 
In Phase 4.2, the H2O2 dosage was increased from 0.125 mM to 0.25 mM to observe 
and investigate the difference in organic removal. The performance of the AOP+BAC 
system is summarised in Table 4-15. Comparing Table 4-13 and Table 4-15, increasing 
the H2O2 dosage would increase the TOC removal of all the stages in the AOP+BAC 
system. Although the BOD to TOC ratio results obtained in Phase 3 showed no 
difference between using 0.125 mM and 0.25 mM H2O2 dosage, the results obtained in 
Phase 4.2 indicated that increasing the H2O2 dosage during AOP would increase the 
biodegradability of the ROC. Overall, the increase dosage of H2O2 from 0.125 mM to 
0.25 mM resulted an increase in total TOC removal from 54.53% to 65.77% and from 
51.60% to 61.33% by the AOP+R4 and AOP+R1’ systems, respectively.  
 
TOC removal of BAC reactors alone increased slightly from 39.59% to 44.10% and 
35.97% to 36.94% for the R4 and R1’, respectively. The lower than expected increase 
in TOC removal was mainly due to the biodegradation of organics in the BAC feed 
tank. Attempts to reduce biofilm growth in the feed tank were futile due to the increase 
in biodegradability of the pre-treated ROC. Biofilm growth was more prominent in the 
feed tank after increasing the H2O2 dosage. The TOC removal by the BAC influent tank 
alone increased from 15.94% to 27.44%, indicating that more biodegradation occurred 
in the feed tank. There was also a slight increase in TOC removal by the AOP process 
after increasing the H2O2 dosage. TOC removal increased from 9.02% to 13.85%. As 
a higher H2O2 dosage was used, more mineralisation occurred, increasing the TOC 
removal. However, as observed in Phase 3, when H2O2 dosage was less than 0.5 mM, 
oxidisation of the recalcitrant organics into biodegradable organics was more likely to 
occur than that of mineralisation. Therefore, the increase in H2O2 dosage brought about 
a slight increase in TOC removal during the AOP process. 
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Reduction of UV254 also increased with increased H2O2 dosage. Comparing to Phase 
4.1, the total UV254 reduction increased from 68.8% to 72.2% for the AOP+R4 and 
43.6% to 64.7% for the AOP+R1’. However, the increase in UV254 reduction was 
mainly due to the AOP. An increase of H2O2 dosage brought about an increase in UV254 
reduction from 37.1% to 56.34%. This was within expectation as similar observation 
was also seen in Phase 3, where increasing the H2O2 dosage from 0.125 mM to 0.25 
mM reduced the UV254 value by 9.7%. Similar to Phase 4.1, majority of the aromatics 
removal of the AOP+BAC system was due to the UV+H2O2 AOP. 
 
UV254 reduction by the BAC, on the other hand, displayed different results. In Phase 
4.1, the UV254 reduction by the R4 and R1’ (based on the influent to the BAC reactors) 
were 51.5% and 11.6%, respectively. In Phase 4.2, the UV254 reduction by the R4 and 
R1’ were 36.2% and 19.2%, respectively. The increase in UV254 reduction in the R1’ 
was most likely due to desorption of the GAC. As the experiment proceeded, the 
amount of aromatic-rich organics left in the R1’ decreased, resulting in an increase in 
UV254 reduction. The R4, on the other hand, had a decrease in the UV254 reduction. This 
was most likely due to the adsorption of aromatics on the GAC. Comparing Phase 1, 
Sections 4.1 and 4.2, it was theorised that organics with aromatic rings and unsaturated 
bonds had slightly stronger affinity to the adsorption sites of the GAC as compared to 
the rest of the organics. The aromatic rings allowed the organic to form stronger 
hydrophobic interactions with the GAC, resulting in slow desorption as seen in the R1’. 
In the case of the R4, fresh GAC rapidly adsorbed the organics in the AOP treated 
ROC, resulting in a rapid drop in TOC performance during Phase 4.1. However, as the 
aromatic rings and unsaturated bonds had a higher affinity to the adsorption sites, they 
were desorbed slower than the rest of the organics. As the experiment proceeded, the 
constant desorption of non-aromatic organics gradually allowed more aromatic 
organics to be adsorbed onto the GAC, which gradually decreased the UV254 value of 
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the R4 effluent. Coupled with the lower aromatics concentration in the AOP-treated 
ROC, the R4 and R1’ might not have reached steady state reduction of UV254 even after 
120 days of experiment run. 
 
Table 4-15. UV254 absorbance removal by current stage. 
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* Calculation is based on the influent of the current stage, not based on fresh ROC. 
 
In conclusion, the results obtained from Phase 4.2 had shown that the increase in H2O2 
dosage from 0.125 mM to 0.25 mM during AOP brought about an increase in TOC 
removal by 11.24% and 9.73% for the AOP+R4 and AOP+R1’, respectively. It also 
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4.4.3 Phase 4.3: Effects of reducing the EBCT to 20 minutes 
From Phase 1, Section 4.1.5, it was observed that using EBCT beyond 20 minutes in a 
BAC reactor yielded diminishing returns. Therefore, in Phase 4.3, the EBCT of the R1’ 
was adjusted to 20 minutes to investigate the difference in organic removal 
performance as compared to the R4. The R4 had an EBCT of 40 minutes. 0.25 mM of 
H2O2 dosage was used for AOP. The ROC, however, had its parameter changed. The 
RO system that generated the ROC had increased its recovery rate from 75% to 93%. 
As a result, the TOC concentration of the ROC increased from an average of 20.8 mg/L 
to 34.2 mg/L and the UV254 absorbance value increased from 0.488 cm-1 to 0.554 cm-1. 
The performance of the AOP+BAC reactors are summarised in Table 4-16. 
 
From Table 4-16, it was observed that reducing the EBCT of the R1’ did not have a 
significant impact on the TOC removal. The organics removal of the AOP+R4 and 
AOP+R1’ were very similar, having a TOC removal of 51.63 ± 7.96% and 51.21 ± 
6.75%, respectively. This further proved that increasing EBCT beyond 20 minutes 
would not have significant impact on the TOC removal. However, the increase in TOC 
in the ROC brought about an overall decrease in the TOC removal. The TOC 
concentration of the effluent of the AOP+R4 increased from an average of 7.28 mg/L 
in Phase 4.2 to 16.48 mg/L. From this phase, it was evident that increasing the EBCT 
of the BAC beyond 20 minutes would not have much difference in the TOC removal. 
Possible means of increasing the TOC removal were increase the H2O2 dosage during 
AOP to increase biodegradation or aeration of the AOP treated ROC to increase the 
DO. Increase in DO might allow higher biodegradation of TOC in the BAC reactors. 
 
The percentage of UV254 reduction remained the same, with the AOP+R4 having a total 
reduction of 74.21 ± 2.98% while the AOP+R1’ having a total reduction of 67.93 ± 
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3.50%, similar to that in Phase 4.2. This was expected as the parameters of AOP 
remained the same for Phase 4.2 and Phase 4.3. The results obtained from the BAC 
reactors, however, showed a different picture. Both the UV254 reduction of the R4 and 
R1’ decreased slightly, with the R4 and R1’ having a UV254 reduction (based on the 
BAC influent) of 33.39% and 17.1%, respectively. The slight decrease in performance 
of the R4 could be attributed to the absorption of aromatic organics on the GAC as 
explained in Phase 4.2. The decrease in UV254 reduction of the R1, however, could be 
due to the shorter EBCT. A shorter EBCT means that the retention time was shorter. 
As the R1 was completed exhausted prior to Phase 4, a shorter retention time could 
result in lower desorption of non-aromatic organics, having less adsorption sites 
available for the adsorption of aromatic organics. Therefore, the rate of UV254 reduction 
decreased for the R1’. 
 
Table 4-16. Performance of AOP/BAC system in Phase 4.3. 
 







TOC removal by 













































Total UV removed 
(Previous stages 





















RESULTS AND DISCUSSIONS 
In conclusion, the results obtained from Phase 4.3 had shown that the decrease in the 
EBCT of the BAC reactor did not have an impact on the TOC removal. TOC removal 
for the AOP+R4 and AOP+R1’ were 51.63% and 51.21%, respectively. The UV254 
results showed a different trend. A decrease in the EBCT resulted in a decrease in the 
UV254 reduction. This was most likely due to the shorter retention time, resulting in a 
lower desorption of non-aromatic organics from the GAC, and having less adsorption 
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5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusion 
UV+H2O2 is a well-studied and established advanced oxidation process. BAC, on the 
other hand, is an emerging activated carbon technology, without the need for constant 
regeneration and replenish. BAC had also shown potential in the removal of recalcitrant 
organic compounds. Therefore, in this research work, the feasibility of treating ROC 
using AOP+BAC was studied. This research work had investigated the impact of the 
EBCT of BAC on both fresh ROC and AOP-treated ROC. It also investigate the impact 
of H2O2 dosage on the ROC during AOP treatment. Lastly, by consolidating the 
findings on the BAC and AOP, this research demonstrated the feasibility of 
UV+H2O2+BAC application on the ROC.  
 
5.1.1 Study of BAC treatment on ROC 
TOC removal and UV254 reduction increased with increasing EBCT of BAC reactors. 
The increase in EBCT allowed more time for the biodegradation of the organics in the 
ROC, resulting in higher TOC removal. The TOC percentage removal for the BAC 
with EBCT of 40 min, 60 min and 80 min were 26.0%, 27.7%, and 35.3%, respectively. 
The UV254 percentage removal for the BAC with EBCT of 40 min, 60 min, and 80 min 
were 17.3%, 21.5%, and 27.6%, respectively. Organic removal was considerably low 
as the organic in the ROC was recalcitrant and non-biodegradable. When the ROC was 
treated with BAC, LC-OCD revealed that the humic substance fraction in the BAC 
effluent was higher than that of the influent, with up to 50% of the organics in the 
BAC’s effluent existing as humic substances. This was most likely due to the 
breakdown of other organics in the ROC, resulting in the formation of humic 
substances. In addition, BAC also reduced the hydrophobic fraction of the organics in 
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ROC. This was most likely due to the hydrophobic interaction between the organics 
and adsorption sites of GAC.  
 
In this experimental phase, the three stages of organics removal mechanism of the BAC 
were observed. In Stage 1, removal of organics were mainly by adsorption, with TOC 
and UV254 reduction as high as 80% for 80-minutes EBCT. However, organics removal 
decreased drastically due to the exhaustion of adsorption sites of the GAC. Stage 2 
involved both adsorption and biodegradation. The parallel treatment resulted in an 
initial removal rate of 40%. However, TOC removal continued to reduce due to the 
exhaustion of adsorption sites. In stage 3, TOC removal was mainly due to 
biodegradation by the bacteria biofilm. In this stage, TOC removal was stable and had 
an average TOC removal of 35.3% for 80-minutes EBCT.  
 
The BAC had also shown to be resilience to fluctuations in the influent. The 
performance of the BAC reactors did not changed significantly when the TOC of the 
influent changed drastically. This was most likely due to the organics removal 
mechanism of the BAC reactors. The fast adsorption properties of organics by GAC 
and the slow desorption of organics for bacteria biodegradation allowed the reactors to 
handle sudden spikes in organics load.  
 
5.1.2 Treatment of ROC by UV oxidation 
UVC LP lamp was found to be ineffective in the treatment of ROC. Although organics 
were able to absorb UVC light, UVC light was insufficient to oxidise the organics to 
inorganic forms or cleaving the aromatics. Exposure of the ROC to 3 minutes of UVC 
did not bring about a change in the TOC and UV254 values of the ROC. VUV LP lamp, 
on the other, had shown to be effective in the treatment of aromatics in ROC. DO 
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present in the ROC absorbed the VUV, forming ozone. The ozone generated then 
oxidised the aromatic rings and unsaturated bonds, cleaving the aromatics rings and 
forming carboxyl, formyl, and hydroxyl group. This could potentially increase the 
biodegradability of the organics in the ROC. Although ozone is an oxidising agent, it 
is shown to be insufficient to mineralise the organics. As a result, after 3 minutes of 
VUV exposure, although the UV254 value was reduced by 11%, the TOC of the ROC 
was only reduced by 3%. The higher mineralisation and oxidisation rate could be 
achieved by the running VUV UV lamp with MP UV lamp. MP UV lamp had shown 
to be effective in the mineralisation of the organics in ROC. The higher energy output 
and wide UV spectrum increased the TOC removal and UV254 reduction. This caused 
the organics in the ROC to absorb more energy, oxidising them into inorganic forms. 
The use of MP UV lamp yielded higher TOC removal and UV254 reduction as compared 
to LP VUV lamp. MP UV lamps were also more effective in dissociating H2O2, 
reducing the reaction time required.  
 
5.1.3 Impact of H2O2 dosage on UV+H2O2 AOP 
UV/H2O2 had been proven to be successful in the treatment of ROC. From the results 
of this research, the addition of H2O2 into the Enviolet system greatly increased the 
TOC removal and UV254 reduction of the ROC. With the same UV contact time, 
addition of 0.125mM H2O2 into the AOP system increased the TOC removal by 77% 
and UV254 reduction by 25%. The hydroxyl radicals produced during AOP greatly 
improved the treatment efficiency, oxidising the organics and aromatics. In addition, 
UV+H2O2 was able to increase the biodegradability of the ROC. The BOD5 to TOC 
ratio increased from <0.5 to 1 after AOP treatment (0.125 mM to 1.5 mM H2O2 dosage). 
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When H2O2 dosage was below 0.5 mM, mineralisation was minimal, with a final 
normalised TOC value of 0.8. Increasing the H2O2 dosage beyond 0.5 mM, however, 
increased the mineralisation rate. The normalised TOC value of the treated ROC 
decreased with increasing H2O2 dosage. The hydroxyl radicals generated were 
oxidising the organics into inorganic forms. UV254 absorbance also displayed similar 
trend. Increasing the H2O2 dosage reduced the UV254 absorbance. However, there was 
a maximum reduction of UV254 absorbance of the ROC. 2 mM achieved UV254 
reduction of 85% after UV contact time of 6 minutes. Even though there were residual 
H2O2 left in the system, the normalised UV absorbance did not go below 0.15. Similar 
observation was seen with 1.5 mM H2O2 dosage. 
 
UV+H2O2 AOP was capable of reducing the hydrophobic fraction of the ROC. 
Hydrophobic organic carbon was reduced by 2-6%. The H2O2 dosage, however, did 
not have a direct relationship with the percentage reduction of hydrophobic fraction of 
the ROC. In addition, UV+H2O2 was able to significantly decrease the aromaticity of 
the humic substances of the ROC. The hydroxyl radicals, coupled with the ozone 
generated by the LP VUV lamp, oxidised the aromatics, reducing the aromaticity value. 
As a result, increasing the H2O2 dosage during AOP would lower the aromaticity of the 
humic substances. UV+H2O2, however, did not have an effect on the humic substance 
fraction of the organics in the ROC.  
 
5.1.4 Treatment of ROC by AOP/BAC 
AOP+BAC achieved a higher organics removal as compared to BAC treatment alone. 
In the AOP+BAC system, AOP and BAC played different roles. The role of AOP was 
mainly to increase biodegradability, while the role of BAC was mainly for organics 
removal. AOP accounted for majority of the UV254 reduction, reducing the UV254 value 
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of the ROC by 37%. It also reduced the aromaticity of the humic substances, bringing 
an increase in biodegradability of the ROC. Although AOP was able to removal TOC 
via mineralisation, majority of the TOC removed was due to the BAC. BAC degraded 
more than 30% of TOC in the ROC. However, the increase in biodegradability by AOP 
also resulted in organics removal in the BAC influent tank. Up to 15% of ROC’s TOC 
was removed by the biofilm in the storage tank. As a result of biodegradation, the humic 
substance fraction increased after treatment by BAC.  
 
When the H2O2 dosage increased from 0.125 mM to 0.25 mM, the total TOC removal 
increased from 55% to 65%. As a higher dosage of H2O2 were used, a higher 
mineralisation rate was observed. TOC removal by AOP increased from 9% to 13%. 
The increase in biodegradability after AOP brought about an increase in TOC removal 
from 16% to 27% in the BAC influent tank and 3% increase in TOC removal for BAC 
reactors. UV254 reduction also increased with increased H2O2 dosage. With an increased 
in H2O2 dosage, the UV254 reduction by AOP increased by 20%. It was also concluded 
that BAC with EBCT of 20 minutes performed as well as 40 minutes, with very similar 
TOC removal performance. This indicated that increasing EBCT beyond 20 minutes 
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5.2 Recommendations 
The following are recommendations made for the consideration for future research: 
 
1. Further optimisation of AOP/BAC system 
In Phase 4.3 of this study, the implemented 20-minutes EBCT of the BAC in the 
AOP+BAC system was based on the results found in Phase 1, which was the treatment 
of fresh ROC using BAC. However, due to the increase in biodegradability of AOP-
treated ROC, the optimal EBCT of the BAC might be even shorter than 20 minutes. By 
repeating the same procedure implemented in Phase 1 onto the AOP+BAC system, the 
TOC removal trend in the BAC reactors can be observed.  
 
The TOC concentration of the ROC had an impact on the system’s effluent TOC. From 
Phase 4.2 and Phase 4.3, while the operating parameters were the same, the effluent 
TOC values of the system in Phase 4.3 were higher than those in Phase 4.2. This was 
mainly due to the increased TOC concentration in the ROC. Thus, in order to have a 
consistent effluent TOC, the H2O2 dosage during AOP will have to change 
correspondingly. Research on the H2O2 dosage and the system’s effluent could 
determine the optimal H2O2 dosage for its corresponding influent TOC concentration. 
Ideally, if a mathematical formula can be formulated to determine the optimal H2O2 
dosage required in AOP and EBCT for BAC reactor against varying TOC in the ROC, 
it would greatly save the capital and operational cost of the system. 
 
2. Continuous AOP/BAC system 
Due to the difference in the AOP system and BAC reactor, AOP could only be done in 
batches while BAC was in continuous operation. Due to the difference in operating 
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modes, a BAC feed tank was installed to store the AOP-treated ROC. However, the 
increased in biodegradability of the ROC resulted in biodegradation in the feed tank. 
To minimise the organics biodegradation, both the AOP and BAC can be operated in 
continuous mode, removing the need for a storage tank. This may reflect a more 
accurate result and determine the organics removal of the system. 
 
3. Use of enzymes/ozone instead of UV for breaking down of residual H2O2 
As observed in Figure 4-15 of Phase 3, with reference to 2 mM H2O2 dosage, the 
reaction was completed at 4minutes UV contact time. Similar observations were made 
in Figure 4-14. Minimal UV254 reduction and TOC removal were observed after 
4minutes, indicating the likelihood of a complete reaction. However, there was 
presence of residual H2O2. H2O2 was completely removed after an additional of 9 
minutes of UV contact time. Therefore, ozone or enzymes, such as glucose oxidase 
extracted from Aspergillnus niger, could be added after 4 minutes of UV contact time 
to breakdown the residual H2O2. Both enzymes and ozone have a higher H2O2 reaction 
kinetic as compared to UV (Legrini, et al., 1993). Therefore, to speed up the 
dissociation of H2O2, ozone or enzymes could be added, reducing the reaction time and 
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